PARTIAL ISOMORPHISMS OVER FINITE FIELDS
PIERRE-LOIC MELIOT

ABSTRACT. In this paper, we construct a combinatorial algebra of partial isomorphisms
that gives rise to a “projective limit” of the centers of the group algebras CGL(n,F,). It
allows us to prove a GL(n, F;)-analogue of a theorem of Farahat and Higman regarding
products of conjugacy classes of permutations.
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1. INTRODUCTION

In this paper, n is a positive integer; ¢ is a prime power; F, is a finite field with ¢
elements; and GL(n,F,) is the group of invertible n x n matrices with coefficients in F,,
or, equivalently, the group of linear isomorphisms of the F,-vector space (F,)™. It will be
convenient to write gh for the composition of isomorphisms h o g (beware of the order of
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composition). The matrix of an isomorphism u : V' — W between two (F,)-vector spaces
and with respect to two bases € = (e1,...,e,) of Vand F = (f1,..., fn) of W is

mat&]:(u) = matf(u<€1)a S 7u(en))7

the vectors being written in columns; then matg g(uv) = maty g(v) mate #(u).

1.1. Generic products in group algebras and the approach of Ivanov and Kerov.
If G = GL(n,F,), we shall be interested in the group algebra CG, and more precisely in
its center Z(CG). A linear basis of Z(CG) is the set of conjugacy classes of G, viewed as
the formal sums of their elements. We want to address the following kind of problem:

Problem 1.1. Let a # b # 1 be two elements of (F,)*, and C,, and C,,, the conjugacy
classes of the diagonal matrices of size n

a b
D, = y and Dy, = ‘
| 1 | 1
What is the expansion >\ 4,4 ¢y O In conjugacy classes of the product Cy, * Chp
computed in the center of the group algebra Z(CGL(n,F,))?

At first sight, this problem might seem to be not so difficult: since D, and D, each leave
invariant a subspace of dimension n — 1, the product P = AB of two matrices conjugated
to D, and D, has to leave invariant a subspace of dimension at least n — 2, and as we
shall see in a moment, this only leaves a few possibilities for the conjugacy class A of P.
Moreover, by looking at how many ways the eigenspaces of the matrices can intersect,
one can guess that the coefficients ¢, , , count configurations of subspaces in (F,)", and
are therefore rational functions in ¢ and in its powers ¢*, up to k = n.

However, it is in practice quite hard to determine the set of possible conjugacy classes
A(a,b); and also quite hard to compute the structure coefficients. The reader can already
have a look at Theorem 4.1, to realize that the result depends in particular on:

e whether ¢ is even or odd;
e in the odd case, whether ab is a square in (F,)* or not.

Also, it is a priori unclear that the coefficients cib’n are in fact all polynomials in ¢", with

rational coefficients independent of n. One might understand intuitively why this is true
from the previous informal discussion: every number of subspaces of fixed dimension k
in (F,)" is a polynomial in ¢" (of degree k), and the same holds when counting “finite-
dimensional configurations”. However, a formal and rigorous proof demands a lot of
combinatorial preparations, especially if one wants to compute the actual polynomials.
The author conjectured this polynomiality a few years ago, and this will be one of the
major result of the paper. We shall prove it in the general setting where D, and D, are
replaced by arbitrary matrices A and B that are completed by 1’s on the diagonal to
obtain matrices of size n. We shall also provide a general framework which reduces all the
computations to the case when n = k + [, k and [ being the sizes of A and B (k=1=1
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for A= D, and B = D). In other words, knowing the structure coefficients cﬁL Bkl We
shall have at the end of the paper an easy rule to compute all the coefficients cﬁ, B

A similar and simpler problem has been solved for permutations by Farahat and Higman
in [FH59], and forty years later, it was given a beautiful explanation by Ivanov and Kerov,
see |[K99]. Fix two permutations o and p of size k and [; we also assume ¢ and p without
fixed points in [1, k] and in [1,]. For any n > max(k, 1), one can view o and p as elements
of the symmetric group of order n, denoted &(n); o fixes the integers after k£ and p fixes
the integer after [. Denote C,,, and C,, the conjugacy classes of o and p in C&S(n).
Then, there exists a unique finite set of permutations S(o, p) C &(k+1), and polynomials
Py ,(n) with rational coefficients and integer values at integers, such that

Ca,n * Cp,n - Z pg,p(n) CV,”'
veS(o,p)

Using the well-known labeling of conjugacy classes of &(n) by integer partitions of size
n, one can of course restate this result with two partitions A\ and p of size k and [ and
without parts of size 1, and a finite set of partitions of size smaller than k£ + [ and again
without parts of size 1:

— E P
C)\uln—k k C;J,Llln_l —_— p)\#(n) Cpuln—\p\ .

lp|<k+l

The proof of Ivanov and Kerov uses the following idea: by manipulating partial permu-
tations that are permutations with a distinguished support A C [1,n], one can construct
an inverse system of graded algebras

e Z(n+2) — Z(n+1l) — Z(n) — -,
such that:

(1) each algebra 2 (n) projects onto Z(C&(n)) via a morphism 7,,;

(2) each algebra has a basis (A )\ labelled by partitions A of size smaller than n,
with m,(Axn) = pa(n) Cyn; pa(n) is an explicit polynomial in n;

(3) the bases A, are compatible, i.e., if |A\| < n, then the map Z(n +1) — Z(n)
sends Ay 11 to Ay,

From this construction, an identity
AvxAy= > &, A
[VI<IAIF|pl
in the projective limit 2 (o0) = I'&HTHOO Z(n) gives immediately the identity

pv(n)
Coan % Cppn = Z S Cun-
e P 2al)

in all the centers of the group algebras Z(C&(n)); this provides an easy proof of the
theorem of Farahat and Higman. The same techniques and kind of results have been
studied more recently by the author for product of Geck-Rouquier elements in the centers
of the Hecke algebras .7, (S,,) of the symmetric groups (c¢f. [Me¢l10]); and by O. Tout
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in [Toul2| for product of classes in the algebras C[$)(n)\&(2n)/$H(n)] associated to the
Gelfand pairs (&(2n), H(n)).

The objective of this paper is to follow the same program for general linear groups over
finite fields; unfortunately, in this setting, there are a lot of complications in comparison
to the framework previously described. The naive idea is of course to replace partial
permutations by partial isomorphisms; but there are two major obstacles to this idea.

(1) For permutations, if 0 € &(A) with A C [1,n] of size k, then there is a unique
canonical way to see o as an element of &(n); as explained before, one leaves the
integers outside A fixed by o. The same cannot be done in a canonical way for
isomorphisms: if g is an F,-isomorphism of a subspace V' C (F,)" of dimension k,
then g admits a lot of extensions to isomorphisms of (F,)", related to the choice
of complement subspaces of V' inside (F,;)"”. And there is no reason or possibility
to distinguish a particular extension among those.

(2) Knowing that, a natural thing to do is to take the mean of all possible extensions;
it seems then possible to define correctly the product of partial isomorphisms. But
this still does not work: as we shall explain later (see Remark 2.22), the algebra
that one obtains by this construction is not associative.

The solution to these problems, and the main idea of this paper, is to define partial
isomorphisms as pairs of isomorphisms between two subspaces.

Remark 1.2. An alternative construction of partial bijections and partial isomorphisms
has been proposed by G. Olshanski in [O1s90, Ols91]|. Let G = lim G(n) an inductive
limit of finite groups, and G O K(0) D K(1) D --- D K(n) D --- a chain of subgroups of
G, such that K(n) commutes with G(n) for all n. For instance one can take

G(n) = G(n) ; K(n) = {U S 6(00) ’ Olin] = id[[l,n]]};
or G(n) = GL(n,F,) ; K(n) = {g € GL(o0,F,) | g/r,» = idE, n }-

In these situations, there is a structure of semigroup on the set of double cosets I'(n) =
K(n)\G/K(n). For instance, when G = &(c0), I'(n) can be identified with the set of
bijections o : A — B between two parts A and B of [1,n], and the product is

(c:A=B)*x(1:C—=D)=(or:0(BNC)—=7(BNO)).

Notice that the product * written above is quite different from the product of partial
permutations defined in [[KX99], or from the product of partial bijections defined in [Tou12].
A similar construction of semigroup can be performed when G = GL(o0, F,). However,
these semigroups (or the sets of double cosets K (n)\G x G/K(n), studied in Okounkov’s
thesis [Oko95]), do not really help for the specific problem that we are looking at, namely,
the understanding of the structure coefficients of the group algebra centers CG(n): indeed,
there is no natural morphism of semigroups I'(n) — G(n).

Unfortunately, we do not see how to use semigroup algebras 2 (n,F,) in order to con-
struct a projective limit of the centers CGL(n,F,); we shall however be satisfied with
combinatorial algebras labelled by partial isomorphisms, without an underlying structure
of semigroup on the partial isomorphisms.
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1.2. Conjugacy classes of matrices and polypartitions. For finite general linear
groups, the conjugacy classes are given by Jordan’s reduction of matrices. If P(X) =
X"+ a,_1 X" 1+ ...+ qp is a monic polynomial, its Jordan matrix is the n x n matrix

0 —aQp
1 0 —ay
J(P) = 1 :
0 —Qn—2
1 —Qn—1
Call partition of size k a non-increasing sequence of positive integers (p1,. .., ) with

¢
=2y s = K.

Definition 1.3. A polypartition of size n over the finite field Fy is a family of partitions
= {u(Pr),...,u(F)}

labelled by monic irreducible polynomials over Fy, all different from X, and such that

r

| 1= (deg P) |u(P;)| = n.

i=1

To such a polypartition, we associate the block-diagonal matrix J( ) whose blocks are
the Jordan matrices J((P;)*)si) with i € [1,7] and j € [1,4(u(P;))]. For instance, if
=((2,1)p,(1,1)p,), then

J(P)?) .
J0)= ey
J(P)

Jordan’s reduction ensures that each conjugacy class of GL(n, F,) contains a unique matrix
J( ) with  polypartition of size n over F,; this result is a classical consequence of the
classification of finitely generated modules over principal rings (here, F,[X]). Thus, a
linear basis of Z(CGL(n, F,)) consists in the classes C' labelled by the set B(n, F,) of these
polypartitions. All the elements in C' have for characteristic and minimal polynomials

T T

X (X)) =JJ@@))eer o (X) = [[(2(x) e,

i=1 =1

On the other hand, it can be shown that

(" =" —q) - (¢"—q"")
gl 20 TT0_, Hk21(q_degpi)mk(u(ﬂ))

where b( ) = Y7, (deg P) b(u(P)) = iy S0 (deg P) (7 — 1) ()i (@) =
(7; 7)., is the Pochhammer symbol (1 —z)(1 —2?)--- (1 —2™); and my () is the number
of parts k in a partition y. This formula is proven by using Hall’s theory of modules over
discrete valuation rings, see [Mac95, Chapters 2, 4].

cardC =
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Ezample 1.4. Consider the Fs-polypartition = {2 +z+1:(2), z+3: (1,1)}. A
representative of this conjugacy class in GL(6, F5) is the Jordan matrix

200000

020000

00 0O0O0 4

00100 3|’

000102

000013

and the cardinality of the class is
(5 = D = 5 - ) = ) = 5 - 5)

= 38418317437 500000 000.
562 (1 — 5-2) (1 — 5-1)(1 — 5-2)

For a polypartition of size k < n, denote 1" the polypartition of size n obtained
by adding parts 1 to the partition pu(X — 1). This amounts to complete matrices with
1’s on the diagonal in the bottom right corner. Therefore, our initial problem can be
reformulated and generalized as follows:

Problem 1.5. Fix two polypartitions and of size k and [. What is the expansion of
C 4n x C 4= in completed conjugacy classes

Zc (n)C4n 7

In particular, what is the dependence in n of the structure coefficients ¢ (n)?

1.3. Centers as Hecke algebras and outline of the paper. Denote G°PP the set GG
endowed with the opposite of the product of the group G; g + ¢! is then an isomorphism
of groups between G and G°PP. It will be extremely important in our discussion to
see Z(CG) as the Hecke algebra C[G\(G x G°PP)/G°PP] — this fact is true for every
finite group G. Consider indeed the double action of G and G°PP on G x G°PP given by
g-(g1,92) - h = ((gg1h™1), (hgoag™)). These actions correspond to the injective maps

G — G x G°P® ; GPP — G x G°PP

g (997" he (A7, h).
Let us detemine the orbit of an element (g, g2) under the action on the left by G' and on
the right by G°PP. Since one can multiply on the right by (gs, ¢, ") to obtain (g19s,eq),

the orbit depends only on gygo. Then, if (g192,e¢) and (hihg,eq) are in the same orbit,
there exists k,l € GG such that

gi1gs = k (hlhg) l_l ) ”{3_1 = €qg-

Thus, g192 = k (h1he) k™1, and we have proved that the orbit of (g;, g2) consists in pairs
(h1, ha) such that g1go> and hihs are conjugated. For a conjugacy class Cy of G, denote

y 1 ) 0
C/\ = CardG Z (.91792) € C[G\(G X G PP)/G pp].

g192 € Cy
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Suppose that C\C, = > ay, Cy. Then, a simple computation allows one to check that
C\C, =>_, a5, C,. Therefore, the map

C[G\ (G x GP)/GPP] — Z(CQ)
C;\ — C)\

realizes an isomorphism of commutative complex algebras.

We are looking for a family of algebras 2(n,F,) with the following properties. We
want them to form an inverse system of graded algebras

- — ZX(n+2,F) — Z(n+1,F) — Z(n,F) — -+,

so that in the end we will be able to look at the projective limit 2(oco, F,), which will
allow us to make generic computations. Then, we want these algebras to project onto
the centers Z(CGL(n,F,)) of the group algebras of the general linear groups over F,,
so that these generic computations will turn into generic identities between conjugacy
classes of isomorphisms. Finally, we wish to construct the 2°(n,F,)’s in a fashion similar
to [IK99, Toul2], which is very combinatorial and natural. This means that we want to

define the elements of Z(n,F,) as linear combinations of partial isomorphisms of (F,)",
this notion staying for the moment vague and undefined.

Since Z(n,F,) = Z(CGL(n,F,)) can be seen as an Hecke subalgebra of the algebra
C|GL(n, F,) x (GL(n, F,))°PP], the way to do it will be to do the same construction with al-
gebras o7 (n, F,) that project onto the group algebras C[GL(n, F,) x (GL(n,F,))°?]. Then,
to obtain the Z'(n,F,)’s, we shall just look at invariant subalgebras of these 7 (n,F,)’s.
Our paper is therefore organized as follows:

e In Section 2, we define partial isomorphisms of (F,;)" and their product, and we
prove that we obtain indeed an algebra .7 (n,F;) (Theorem 2.8). The main diffi-
culty is to see that the product is associative; this is related to the properties of
certain linear operators on the algebra, and the associativity in 7 (n, F,) is essen-
tially equivalent to the commutativity of the algebra formed by these operators.

e In Section 3, we look at some invariant subalgebras 2 (n,F,) C /(n,F,), and
we prove that they form an inverse system of graded commutative algebras, that
project onto the centers Z(n,F;). We deduce from it the result of polynomiality
of the structure coefficients that we have evoked in this introduction; see our main
Theorem 3.7.

e Finally, in Section 4, we give the table of multiplication of all elements of degree
1 in the projective limit % (o0, F,). This gives in particular a concrete answer to
the first problem stated in this paper.

We conclude this introduction by two important remarks.

Remark 1.6. In essence, this paper relies only on linear algebra and combinatorics over
finite fields. However, some of the results and proofs will be written using the language
of probability: so, we shall speak freely of probability laws, conditional laws, Markov
chains, etc., and we refer to [Bil95] for any detail on these notions. The reason is that
the product of the algebra <7 (n,F,) of partial isomorphisms that we shall study will
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be defined by taking averages of certain extensions of the partial isomorphisms. Thus,
discrete probability will provide in many situations a convenient way to describe and prove
identities in </ (n,F,). Since we are only dealing with finite sets, for pure algebraists,
every “probabilistic” statement can be replaced by a statement with a function on a finite
set taking non-negative values that sum to 1. So probability is rather a commodity of
language and a way of thinking than an absolute necessity in our reasonings.

Remark 1.7. The reader may naturally ask what could be the uses of the theory of partial
isomorphisms developed in this paper. We think of it as a first step in a much larger
program, namely, the asymptotic representation theory of the finite general linear groups
GL(n,F,) — other important approaches appear in the papers [GO10, KV07, GKV12]|.
For symmetric groups &(n), an important problem is to understand the asymptotic be-
havior of the random character value x*(c), where ¢ is a fixed permutation and x* is a
random irreducible character of &(n) taken under some spectral measure, for instance the
Plancherel measure of the group. These random character values are important examples
of random variables “with a non-commutative flavour”, and their asymptotic behavior is
related to random matrix theory, exclusion processes of particules, free probability, and
many other topics; see for instance [BDJ99, BOOO00, Oko00, Bor09]. The Ivanov-Kerov
algebra of partial permutations has proven extremely useful in order to compute the
moments of these random character values x*(o); thus, they allowed to determine their
asymptotic distribution. Indeed, the computation of the moments E[(x*(c))*] is directly
related to the computation of products and powers of conjugacy classes in symmetric
group algebras. We refer in particular to [Bia0l, 1002, Sni06, FM12, Melll, Méll2],
where such techniques and results are detailed.

We hope to be able to follow the same program for finite linear groups GL(n,F,). In
particular, among the problems that we wish to solve after this paper, let us ask the
following question. Take the normalized trace 17, of CGL(n, F,), which expands as linear
combination of all irreducible normalized characters of the group:

B (dim V' )2
Lo=r) = Z card GL(n, F,) X (9)

Gm(nqu)

For g fixed (say, ¢ is a diagonal matrix D,) and completed by 1’s on the diagonal, we
consider X, = x (g) as a random variable under the probability measure

_ (dimV )2

~ card GL(n,F,)’

Prgl ]

which is the Plancherel measure of the group. What are the asymptotics of the law of
X,4? To compute the moments of X, amounts to compute the powers of C' in the group
algebras CGL(n, F,), where is the conjugacy class of g; whence the interest of our results
for the asymptotic analysis of the random character values X,. The idea would then be
to use these observables X, to get a better understanding of the properties of asymptotic
concentration of the measures P, ,; in particular, one should be able to recover this way

the results of [Ful08, Dud08].
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1.4. List of common notations. To help the reader keep track of the notations, and of
the various characters appearing as exponents or indices throughout the paper, we have
listed hereafter the conventions that we shall use, see the following table. On the other
hand, we recall the Pochhammer symbol (¢71), = (1 —¢ (1 —¢2)--- (1 —¢™). In
the following we shall try to write every enumeration as a polynomial in ¢ and in these
Pochhammer symbols in ¢~ !.

q cardinality of the base field F,
n dimension of the ambiant vector space (F,)"
M(k x I, F,) space of matrices with k rows and [ columns, and coefficients in F,
GL(n,F,) group of linear isomorphisms of (F,)"
F(n,Fy,) set of partial isomorphisms of (F,)"
o (n,F,) algebra of partial isomorphisms over (F,)"
Z(n,F,) subalgebra of invariants for the double action of GL(n,F,)
U\Vv,w, vector subspaces of the ambiant vector space
ut,vT, larger vector subspaces containing U,V . ..
k,l,m, dimensions of vector subspaces of (F,)"
E=(e1,...,ex) basis of a vector subspace of dimension k
+

completion of the basis £ in a basis of a larger subspace of dimension
E+
vector space spanned by the independent vectors ey, ..., e

polypartition (family of partitions labelled by polynomials)

t(g) type of an automorphism ¢g : V' — V, given by a polypartition
w(P) partition in a polypartition corresponding to the polynomial P
g1, 92 isomorphisms between vector subspaces of (F,)"
gt extension of an isomorphism ¢ : V' — W to larger subspaces V'
and W+
mate r(g) matrix of g : V' — W written with respect to two bases £ of V' and

ki
k11

Fof W

partial isomorphism given by the two arrows ¢g; : V. — W and
g W =V

dimension of Fix(g1¢92), which is also ¢(u(X — 1)) if t(g192) =
m(u(X — 1)) if t(g192) =

EWV a2, WAWH)

EVHIV 9z, W)
E,(n, k*, k, k)

E(VH IV 9z, W WH)

Fq<k+7 k? kl)

set of trivial extensions of (V 9=, W) with fixed right space W
set of trivial extensions of (V 9=, W) with fixed left space V"
cardinality of the previous sets if k™ = dim V™, k = dimV and
k1 = dim Fix(g192)

set of trivial extensions of (V 9=, W) with fixed left and right-
subspaces V' and W+

cardinality of the previous sets if kT = dim V™, &k = dimV and
k1 = dim Fix(g192)
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L¥+, R%+, LRE“;;’,I;W) extension operators with fixed subspaces

LV, RY extension operators
X, rank(vq, ..., v,), with the v;’s independent uniform random vectors
Pag probabilities related to (X, )nen in a F-vector space of dimension
d
UF,,., Ury uniform law on free families of size m in (F,)", or on bases of V'
U, Unv uniform law on vector subspaces of dimension m, or on vector sub-
spaces of dimension m and containing V'
Civwy uniform law on vector subspaces of dimension [, containing U, and

whose sum with W is 'Y

T projection from 7 (n,F,) to C[GL(n,F,) x (GL(n, F,))°?]
' projection from Z'(n',F,) to Z(n,F,)
11, projection from % (oo, F,) to Z(CGL(n,F,))
A . A s A n various renormalizations of the class of label in Z(n,F,)
A generic conjugacy class of label  in Z(oc0, F,)
C tn completed conjugacy class of label in Z(CGL(n,F,))
C 4 normalized class C' 4 /(card C' 1n)

2. PARTIAL ISOMORPHISMS AND THEIR ALGEBRA

Fix n > 1 and a finite field F,.

2.1. Partial isomorphisms and trivial extensions.

Definition 2.1. A partial isomorphism of (Fy)™ is a pair (g1 : V. — W, g : W — V),
where V' and W are two vector subspaces of same dimension k in (F,)", and g1 and go
are 1somorphisms between these spaces.

We shall use the notation (V' 91, W) for a partial isomorphism, and the set of all partial
isomorphisms of (F,)"” will be denoted .# (n,F,). Recall that the number of isomorphisms
of a Fg-vector space of dimension k is

(" =" —q)- (¢ — ") = (¢ ),

and the number of vector subspaces of dimension k inside (F,)

(@ =" —a) (" —d"") _ RO (Do
(" =1)(¢"—q) - (¢" — 1) (@ Dn-r (i
Therefore, the cardinality of .#(n,F,) is
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There is a natural action of GL(n, F,) (respectively, of (GL(n,F,))°?) on the left (resp.,
on the right) of .#(n,F,), namely,

k- (V oz, W)- 1= (kY (V) =, 0 7 W),

The orbits of this double action are labelled by polypartitions of size k € [0,n]. Indeed, it
is easy to see that the orbit of a partial isomorphism (V' 912, W) is entirely determined
by the type (polypartition) of the composed isomorphism g;go : V' — V (or, of the
composed isomorphism gog1 : W — W, since they have same type). Thus, if we are able
to construct an algebra </(n,F,) out of .#(n,F,), we will readily obtain a candidate for
Z(n,F,) by looking at these orbits. Therefore, the main problem that we shall adress in
this Section is the definition of the product of two partial isomorphisms.

Ezample 2.2. Over the finite field F5, consider the subspaces V' = Span((1,0,0), (0,1,0))
and W = Span((0, 1,0), (0, 0, 1)) inside (F5). With respect to the previously given bases,
the matrices (%) and ($3) define two isomorphisms ¢g; : V. — W and ¢go : W — V.
The type of the partial 1somorphlsm (V 1=, W) is the polypartition associated to the
conjugacy class of the matrix

IR

This is the Jordan matrix of the irreducible polynomial X%+ 3X + 3, so t(V 9=, W) =
{X?+3X +3: (1)}

A preliminary step for our program is to define properly what is an extension of a
partial isomorphism.

Definition 2.3. An extension of a partial isomorphism (V 9=y, W) is a partial isomor-
phism (V¥ 92 gr W) withV C VY, W c W, (g v = g1 and (g3)\w = go.

Denote k = dimV = dimW and k™ = dim V' = dim W. The extension is called trivial
if one of the following equivalent assertions is satisfied:

(1) Its type is obtained from the type = (u(Py),..., u(P.)) of the partial isomorphism
(V 9=, W) by adding parts 1 to the partition (X — 1) (which might have been

empty).
(2) There are decompositions V=V @& A and Wt =W @ B, such that
W =000 5 G=gpoy!
with 1 isomorphism between A and B.
(3) The induced quotient isomorphisms
G VYV S WHW and g WH/W = VTV

are inverse of one another: gigs = idy+ v
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(4) Fiz any basis ET = (e1,...,ef) of V' such that € = (ex, ..., ex) is a basis of V.
Denote then F© = (f1,..., f;) the basis of W given by f; = g; (e;); the matriz
of g with respect to these two bases is then I+. One has:

G P
matf+,5+ (g;) = (0 Ik+k> )

where G = matg(g192), and P = (G — I) R with R arbitrary rectangular matric
of size k x (kT — k).

Proof. We denote (V*+ 9= 4 W*) an extension of (V 9122, W).

(1) = (2) Suppose that t(g;g5) = U (X —1:1¥ %), There is a basis £T = (ey, ..., ext)
of VT such that £ = (ey,...,ex) is a basis of V, and

mat 0
mate (gtaf) = (M0 0 ) 0

We take for basis F* of W™ the images fi,..., fi+ of the vectors ey, ..., ei+ by
g . Since (¢)jv = g1, the k first vectors fi,..., fi form a basis F of W. Set then
A = Span(egy1, ..., e,+) and B = Span(fri1, .- ., fr+). By choice of FT, one has

I 0
matesrs(o7) = (10 ) )
whereas
mat P
mat o) = (M) o)

where M is invertible and P is a priori an arbitrary matrix. However, the matrix
in Equation (1) is the product of the matrices in (2) and (3), so, by identification,
matr g(g2) = mate(g192), M = Ij+_ and P = 0. The isomorphism 1) is then the
one sending e; to f; for j € [k + 1,k™], and the proof of the implication is done.

(2) = (1) Conversely, with respect to the decomposition V't =V @& A, one has
995 = (1@ ¥) (g2 DY) = g1g2 D id,
50 (g1 93) = t(g1g2) U (X — 1+ 18 7F).
(2) < (3) Obvious since there are natural isomorphisms A ~ V*/V and B ~ W+ /W.
(2) = (4) For any basis D" adapted to the decomposition V* =V @ A,

G 0
matp+(9) g3 ):(0 Ik+k>'

Fix a basis € = (e1,..., €k, €11, .., 6ex+) of VT, and another basis adapted to
the decomposition V' =V @ A: Ct = (eq,..., ek, Cka1,- ., Ch+). One has

mates (E4) = ({f g) ,

and since this is an invertible matrix, () has to be invertible. Consider now the

basis DT with
matp+ (C ) K )
0 C ) 1]
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it is again adapted to the decomposition V¥ =V @ A. If R = Q7' R, then one
has

matp+(E7) = matp+ (CT) mate+ (€7) = <](;€ Lf k) ’

and therefore,

mate+(g; g5 ) = mate+ (D) matp+ (g g5 ) matp+ (ET)

(I —R G 0 I, R
N0 Iy 0 I+ g 0 Ty
(G (G—-1y) R

~\0 T+ g, ’

where G = matg(g192). With f; = gi (e;), this matrix is also matz+ g+(g5 ), so
(2) = (4) is proven.

G (G—-Ix)R
0 I+ g

(4) = (2) From a writing matz+ ¢+(g5 ) = <
the basis D of V' given by

matp+(£7) = (% [k;+R_k) ;

the matrix of g; g, in this new basis is (%" ka_k > Taking A = Span(dgy1, ..., dg+)
and B = g{ (A), one gets back the hypothesis (2). O

), one can go backwards and look at

In the following, we shall need to know the number of trivial extensions of a given
partial isomorphism (V' 91, W) of degree k (the dimension of V' and W) to spaces V'*
and W of dimension £, with W fixed among the subspaces of (F,)™ containing W, but
VT free. The fourth characterization of trivial extensions will ease a lot this enumeration.

Lemma 2.4. There is a bijection between trivial extensions (V+ 9= o W) of a partial
isomorphism (V 9=, W) with W fized, and pairs ((ex41, ..., ex+), P), where:

(1) (e1,...,ex+) is a completion of a basis (e1, ..., er) of V into a family of k™ linearly
independent vectors;

(2) P = (G — Ij) R is a rectangular matrixz of size k x (k™ — k), where R is arbitrary
and G = mat(c, . ) (9192)-

Proof. In the following, we fix a basis F* = (f1,..., f;") of W such that F = (f1,..., fx)
is a basis of W. We then denote e; = (g;)7!(f;) for ¢ € [1,k]; this basis £ of V is also
fixed.

Fix a pair ((€xy1, ..., ex+), P) such as in the statement of the lemma. One defines a trivial
extension of the partial isomorphism by setting
Span(ey, ..., ep) = V7

matg+7]:+ (gf) = Ik+

G P
matf+vg+(g§“) = (0 [k+—k:) .
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The fourth characterization of trivial extensions ensures that this extension is indeed
trivial. Conversely, given a trivial extension (V+ 9 = g WT), one gets back e; for
i € [k+1,kT] by setting e; = (¢7")~'(f;); and then P by looking at the upper-right block
of the matrix matz+ ¢+(gy ). O

Corollary 2.5. Let (V 912, W) be a partial isomorphism of (F,)". Denote k = dimV =
dim W, and ki the dimension of the set of fized points of g1go — this is also the length
of u(X = 1) if t(grg2) = . If WT D W is a fived vector subspace of dimension kt > k,
then the number of trivial extensions of (V 922, W) with right vector subspace W+ and
free left vector subspace V7 is

Ey(n, kT, k, ky) = ¢ERE =R (gn gky . (gn — g

_ gtk (4 Dk
(qil)n—k“"
By symmetry, one obtains of course the same number if V' is fized but W is left free.

Proof. The first factor ¢®—*)*"=%) ig the cardinality of the image of the map
Mk x (k% — k),Fy) = M(k x (k* — k), F,)

Rw— (G —1I)R,
and the second factor is the number of possible completions of the basis £ = (eq, ..., ex)
into a family of linearly independent vectors of size k. 0

To be complete, let us state the equivalent of Corollary 2.5 with fixed left and right
subspaces.

Corollary 2.6. The number of trivial extensions of a partial isomorphism (V 9=, W)
with fized left and right subspaces V't and W is

Fy(k™ by ky) = g0 =R (R gk (R — g0y (fF — g

— q(k++k—k1)(k+—k) (q_l)ktk-

Proof. In the set of all trivial extensions of (V 91=,, W) with fixed right subspace W,
each left subspace V7 is obtained the same number of times, because if V;" and V,' are
two such subspaces, then one can use an isomorphism between them that fixes V' to get
a bijection between trivial extensions. Therefore,

EQ(na k+7 ka kl)

F, (kT k k) = .
ok K ) number of subspaces of (F,)" containing V' and of dimension &+

The denominator of this fraction is equal to

k+1)” n __ k+71)

(¢" —d")(d" — g (¢"—q
(" = ) (" = ) (¢FF = 1)
as can by seen by first enumerating families (e, ..., e,+) of linearly independent vectors
completing a basis (eg,...,e;) of V', and then counting how many families give the same
subspace VT = Span(ey, ..., ep+). O
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2.2. Combinatorics of the extension operators. The notion of extension of a par-
tial isomorphism being clarified, one can define correctly the product of two partial iso-
morphisms. Let </ (n,F,) be the C-vector space with basis the set .#(n,F,) of par-
tial isomorphisms over (F,)". Given a partial isomorphism (V 9 =, W), we denote
EVT 1V 9=, W) the set of trivial extensions with fixed left vector subspace V', and
E(V 9=, W1 WT) the set of trivial extensions with fixed right vector subspace WT.

Definition 2.7. The product of two elements of <7 (n,F,) is defined by linear extension
of the rule

1 T
U ey, V) s (W My, X) = Y (U M2 ng XY
( 2 V) * n X) E,(n,m,k, k1) E,(n,m,l,1) ( KA )

where the sum runs over trivial extensions
(UJr 90 g V+W) e &U =, VI (V+W))
and (V+W Mz X1) e &(V+W) 1+ W ey, X).

The parameters m, k, | are the dimensions of V. + W, V and W, and ki and l; are the
dimensions of the spaces of fixed points of g1g2 and hihs.

Theorem 2.8. Endowed with the product x, o/ (n,F,) is an associative complex algebra.

The unity of the algebra is trivially the “empty” partial isomorphism ({0} 9224 {0}),
so the only thing to check in Theorem 2.8 is the associativity of the product, and this is
surprisingly difficult. Let us introduce a few more notations. If V.C V* and W Cc W,
denote

1
LV ez, W) = Vs
VIV ez, W) B, (n, k. &, k1) ﬁ(wwzg; W)( o W)
5 g2

1
RV (V iz, W) = vtas Wt
( g2 ) Eq(ﬂ, k+, k, kl) Z ( + )
EV 9124 WIWH)

the means of the trivial extensions of a given partial isomorphism, with fixed left or right
vector subspace. The multiplication rule is then

(U g1<_92 V) (W h1<_h2 X) = R’\‘;—FW(U gl‘jgz V) LK/—FW(W hl‘:)hz X))

where on the right-hand side the product is the usual composition of arrows Ut — V +W
and V + W — X7, or of arrows in the reverse directions. Notice that the operators L
and R are particular cases of multiplications:

Ly (V912 W) = (VF 92 V) s (V 912, W);
Ry (V 92, W) = (V 912, W) 5 (W 2y WH).
Proposition 2.9. Consider nested subspaces W C W+ C W*t. One has

W++ w+ o wt+
RV oRI =Ry

and similarly for the operators L.
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Proof. Even if one already knew the associativity of the product x, this would not be
obvious, since the product (W 4=y W) « (WHF =y W) is an average of partial
isomorphisms between spaces (W*)* containing W+, and W**. Hence, it is different
from (W d=,; W+T). However, these intermediary spaces (W )" will disappear when
one multiplies on the left by a partial isomorphism (V' 91=,, W). A similar idea will be
used in the proof of Lemma 2.21

Fix a basis (f1,. .., fe++) of W*T such that (fi,..., fr) is a basis of W and (f1,. .., fi+)
is a basis of WT. We then denote e, ..., e the reciprocal images of the vectors f1,..., fi
by g1; and G = matz¢(g1g2). A convenient way to write R)f,' (V' 9122, W) is as follows:

1
RV (V9= W) =
w 92 q(kfkl)(k%fk) (qn _ qk)(qn _ qk+1) e (qn _ qk++71)
Y (Span(e™) | T = (64,7, ) [ W),
g++\g:(€k+1,...,€k++)
P=(G-I})R

(4)

This equation corresponds to the content of Lemma 2.4. Using the same notations, we
get:

1
qr=RDGF=R) (qn — gk) (g7 — gF1) - - (g — gF 1)

X Z (Span(é”“) ‘ I+ = (glﬁM,k) ‘ W+>§

(5k+17~~~7ek+)

RIIjIV/+ (V g1:>g2 ) =

M=(G—1Iy) S
1
w+ 91— _
Ry (V gy )= qUe=k1) (kT —k) (" — ¢*)(q" — ¢*+1) - (" — qk+—1)
1
X

qrE=RDETT=ET) (gn — gk T ) (g — gFTHY) - (gr = gFTT )

X Z <Span(€++) ’ I+ = ((gfngk) N > } W++> :

T+
(Ekt1sm€ptt) kt+—k+t
M=(G-1) S
N=(G'—I, )T

()

where in the last term G’ denotes the intermediary matrix. Notice that the number of
terms in Equations (4) and (5) is the same. Therefore, it suffices to show that each term
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of (5) appears in (4). This is immediate from the following computation:

G (G-1Iy) S G (G-1Iy) S )
(%;Iki\'l—k) N — <0 (Ik-+fl ) ((0 (Ik:+fl ) _[k+) (%:2)
0 ]k++fk+ 0 Ik++—k+
G (G-1Iy) S _ _
_((§51F) (o) (7)
0 Lpvv v
G (G—1)S (G—1Ii)T;
=10 y P 0
0 0 J P
with T5 = T + ST5, which is again an arbitrary rectangular matrix. 0

In the following, we shall work with slightly more general operators L and R.

Definition 2.10. For W arbitrary subspace of (F,)" and (U 9=, V) arbitrary element
of Z(n,F,), we set

RY(U 9=, V) =Ry ™W(U 9=, V),
and similarly for the operators LY. We call these generalized operators LW and RV the
extension operators; they give rise to well-defined linear endomorphisms of < (n,F,).

Proposition 2.11. Consider two arbitrary subspaces W and X of (F,)". One has
R¥ o RW = RW+X,
and stmilarly for the operators L.
Proof. For any partial isomorphism (U 9=, V), if W C V, then
RY(U 9=, V) =Ry (U 9=, V) =Ry (U 92, V) = (U "=, V).

Consider a partial isomorphism appearing in RX o RW(U %=, V). Its right subspace
contains both W and X (and V'), so it must contain W + X. Therefore, one can apply
again RW*+¥ without changing the result, and

R¥ o RW = RV X o R¥ o RV,

As a consequence, the proposition will be shown if one proves that for nested subspaces
W c W, RY oRW =RW'. Indeed, assuming this is true, one has then

R¥ o RY = RW+¥ o (R¥ o RY)
— RV*+Y 6 RY) o RW
=R oR" since X C W + X,
= RV since W C W + X.
Fix two nested subspaces W C W', and a partial isomorphism (U 9*<2,, V). One has
RV (RY(U =2, V) = RV (R (U 722, V)
=Ryw Ry (U 2, V)
= RngW/(U Ny, V)

=R"(U "=, V)
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by using Proposition 2.9 on the third line. O

This leads us to the main result regarding extension operators:

Theorem 2.12. The algebra of extension operators <LW,RW>W8ubspace of (Fq)n 15 @ com-
mutative subalgebra of End(<7 (n,F,)).

Proposition 2.11 obviously implies that R" o RX = R¥ o RW and LW o LX = LX o LW
so it remains to prove that

I

LY oR¥ =R¥ o LW, (6)
The difficulty here is that when applied to an element (U 9'<,, V'), both sides of (6) yield
averages of partial isomorphisms whose left and right subspaces are not fixed. Indeed,
these subspaces must contain U + W and V + X, but they can be larger. Consequently,
the first thing to check will be that both sides induce the same probability measure
on pairs (W', X’) of subspaces of same dimension. Then, we shall prove the following
decomposition:

LY oRY(U 922, V) = Y PIY.2)] Uiy (U 92, V),
U+WCY

V4+XCz

where P[(Y, Z)] is a probability measure, and the \II(UW)V x) are operators that yield aver-
ages of certain trivial extensions with fixed left and right subspaces. It will be clear from
the final formula that the same decomposition holds for the right-hand side of Equation
6, and this will end the proof of Theorem 2.12.

2.3. Probabilities of conditioned random trivial extensions. Let us define new
operators

(VW) N—= — 1 + 9 = +
LRy (V 922g, W) = TACrS > (VH oz W),
E(VHIV 912, WAWH)

where the sum runs over trivial extensions of (V 912, W) with fixed left subspace V*
and right subspace W*. One has

RW+<V g1—s W) o (qk+ - qk) CU (qk+ - qk+_l) Z LR(V+,W+)(V W)

v T T =) (g — ) (V) T
vcvt

dim Vt=dim W+

and similarly for the operators L.

Lemma 2.13. Fiz two subspaces U and W of (F,)", with j = dimU and k = dim(U+W).
We choose a random subspace U™ of fized dimension | > j, uniformly among all such
subspaces containing U. The law of m = dim(U* + W) is

m] = UkH=i—m)(m—n) (q_l)n—k(q_1>n—l(q_1)k—j(q_lh—j
Plm] =4 (q_l)kJrlfjfm(q_l)nfm (q_l)n—j (T Ym—r (q_l)mfz'
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Proof. Fix a basis £ = (ey,...,e,) of (F,)" such that (ey,...,e;) is a basis of U, and
(€1,...,€ex) is a basis of (U + W). To choose a subspace UT of dimension [ uniformly
among those that contains U, it suffices to choose random vectors (fji1,..., f;) among
the (¢" —¢’) - -+ (¢" — ¢" ') families of vectors such that (e1,...,e;, fit1,- .., fi) is of rank
[, and to take UT = Span(ey, ..., €, fi+1,---, fi). Denote

ay1r o A1l—j
L N
A:matg(fj+1,...,fl): .
g1 - Qgl—j
Qp1 °°° an,lfj

The condition dim U* = [ is equivalent to rank(A’) = [ — j, where A’ is the submatrix
of A that consists in the (n — j) last rows. Then, m = k + p, where p = rank(A”) and
A" is the submatrix of A that consists in the (n — k) last rows. So, the law of (m — k) is
the law of the rank of the (n — k) last rows of a random matrix of size (I — j) x (n — j),
uniformly chosen among those that are of rank (I — j).

Thus, our problem can be reformulated as follows. Fix a dimension d, and consider the
random process Xj = rank(vy, ..., v;), where the v;’s are uniform random vectors of (F,)?
chosen independently. The process (Xj)g>o is a Markov chain with transition matrix

1 1

p<27 Z) = qd_i ) p<272 + 1) =1- qd_i'
6 (161 (17’/+2 (17!/+/‘
* —. ! _ * . ¢ g EpE | *
| 17q] |1iqd+l|1 q1+2 |17q 1+ | |
| | | | | | |
0 1 2 3 ) 141 d

FIGURE 1. The graph of the transitions of the Markov chain (Xj)x>0 in a
vector space of dimension d over F,.

We are looking at the probabilities Py ,[X, = ¢|X, = d], with a < b and ¢ < d. Let us
first compute Py ,[X, = ¢|. To go from rank 0 to rank c in a steps, one has to go through
the ¢ transitions 0 — 1, 1 — 2, etc., (¢ — 1) — ¢, which gives a factor

() (2 () - i
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and during the other (a — ¢) transitions, one stays with the same rank. Therefore,

Pag[Xa=c] = ﬂ Z ¢

-1
(q )dic A (a—c)-multiset :CEA
with elements in [0,c]

d(c—a) (qil)d h
(@ d—c
where the hy’s are the homogeneous symmetric polynomials. We refer to [Mac95, §1.2],
where the evaluations of these polynomials on geometric progressions are also computed.
One obtains:
Da (g
1

)ll C( )

=dq a—c(]-7Q7”'7qc)7

—c){c—a q
Pd,q[Xa = C] = q(d ! ) ( )(<q

: _ g — (@ Na
In particular, Py ,[X, = d] O Now,

Pd,q[Xb d|X = C] Pd q[X C]

Pag[Xa = | Xy = d] =

Paqg[ Xy = d]
Pd el Xp—a = d — ] Py y[Xa = ]
Paq Xy = d]
_ gld-9e-a) (¢ algNa (g o (q )b
(@6 (07 (7 a—c (7 d—c (7 )b-a—dre
by taking on the second line the quotient of (F,)? by the vector subspace generated by
(v1,...,v,) in order to transform the conditional probability. Finally, we set a = n — k,

b=n—j,c=p=m—=Fk,andd=1-j:

m] = gkH—i—m)(m=n) i I O P (i T (i T
P[m] = ¢ (@ Vit (@ Dnem (@ oy (@ ms @

This expression is non-zero if and only if sup(k,l) < m < inf(n,k + [ — j); moreover, it is
symmetric in k£ and [. O

Corollary 2.14. Fix subspaces U, V,W, X with j = dimU = dim V', k = dim(U+W) and
[ = dim(V + X). One chooses a subspace Ut randomly among those containing U and
of dimension I, and then set Y = Ut +W and Z = (V 4+ X)T, where Z is again chosen
randomly among the subspaces containing V + X and of dimension m = dimY . The law
of m is given by Lemma 2.13, and conditionally to m, the law of (Y, Z) is the uniform
law on pairs of spaces of same dimension m and with U +W CY and V + X C Z.

Proof. One only needs to verify that conditionally to m, the law of (Y, Z) is the uniform
law on pairs of spaces containing U+ W and V+X (in particular, Y and Z are independent
conditionally to their dimension). By construction, Z = (V + X)* is independent of Y
conditionally to m, and uniformly distributed. Consider then Y = U™ + W, conditioned
by its dimension m. We construct Y in the same way as in Lemma 2.13:

U = Span(ey, ..., e;)) ; U+ W = Span(ey, ..., ex)
U+ - Span(eh‘ . 'aejafj-l-la s 7fl>
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with (fj41,..., fi) uniformly chosen among completions of (eq, ..., e;) into a free family
of length [. Denote fﬁrp ..., ff the images of the random vectors fj,1,...,f; by the
quotient map ¥ : (Fy)" — (Fy)"/U, and similarly with f/5", ... f/+"W.

The family f7\,..., f” is a uniform family of (I — j) linearly independent vectors
in (F,)"/U: indeed, each such family has ¢=77 preimages by 7, and all with the same
weight. Denote then 5, ™" the quotient map (F,)"/U — (F,)"/(U+W): one has 7" =
70 W (f;), and on the other hand, to say that Y|m is the uniform random subspace

containing U + W and with dimension m is the same as saying that ( fﬁ:{w, Y m
is a uniform family of random vectors in (F,)"/(U + W) among those of rank p = m — k.
Therefore, it suffices to prove the following general statement: if (ej,...,eq) is a uniform

random family of d linearly independent vectors in a Fj -vector space K, then knowing
the rank p of (m(ey),...,m(eq)) in a quotient K/H = 7(K), the family (fi,..., fs) =
(m(e1),...,m(eq)) is uniformly distributed among those of rank p. Again, this is because
each family (f1,..., f4) with given rank p in K/H has the same number of preimages and
all with same weight, namely,

qnm Pn,q[Xn = d‘anm = p]7

where n = dim K, m = dim H, and (Xj)g>o is the same Markov chain as before. O

An important consequence of the previous discussion is that the law of (Y, Z) is the
same law on pairs of subspaces of same dimension m containing U + W and V 4+ X

(1) if one first chooses UT random extension of U of dimension [, and then set Y =
Ur+Wand Z = (V+X)*

(2) or if one first chooses V* random extension of V' of dimension k, and then set
Z=Vt+XandY = ((U+W)".

Indeed, this law is P[(Y, Z)] = P[m| U, v+w[Y ] Um v+ x[Z], where P[m] is given by Lemma,
2.13 (remember the symmetry of the roles played by k and [), and the U,,,’s are the uniform
laws on subspaces described by Corollary 2.14.

This symmetry plays an essential role in the proof of Theorem 2.12. Fix a partial
isomorphism I = (U 9<2,4, V). One has

.
RY( = > UwlUTTLRE,) M)
UcUt, dimUt=l
+
LYoRY()= > UpwlUUnvix[2] LR, o LR (1)

UcU*, dimU+=I

V4+XCZ, dim Z=m
with Y = U™ + W and m = dimY on the second line. According to the previous
discussion, this is also:

LY o RX(I) = 3 PI(Y, Z)] PIU*|(Y. 2)] LRYZ, o LRy (D),

U+, V+X)
sup(k,l) <m<inf(n,k+i—j)
dim Y =dim Z=m, U+WCY, V4 XCZ
dimUt=l, UCU*, Y=Ut+W



22 PIERRE-LOIC MELIOT

where P[(Y, Z)] is the law on pair on subspaces described by Corollary 2.14. It remains
then to understand what is

Y:Z Y,Z Ut V4+x
‘I’EU,W);V,M([ )= Z PIUT|(Y, Z)] LREU+,)V+X)LREU,V> " )([ ) (M
dimU+=l, UCU+, Y=U++W
when Y and Z are fixed.

Remark 2.15. Notice that \IIEE’;VZV)MX)

isomorphism appearing in (7) satisfies
GTV+HX)+ W= V+X)+W=U"+W =Y,

and in general this is not the case of a trivial extension of (U "=, V) to Y and Z.

Similarly,

(I) cannot be the same as LRE}[;‘Z/))(I) A partial

G UAW)+ X =q(U)+ g (W) + X = (V+X)+g"" (W)
=@ (UN) +g (W) =917 (Y) =2,
which is not in general the case of an extension in &(Y 1 U 9'=,, V 1 Z). We are actually

going to prove that the expression (7) is the mean of all trivial extensions of I to spaces
Y and Z such that ¢/ (U + W)+ X = Z and g5 " (V + X) + W =Y; see Theorem 2.19.

First, we need to understand the distribution of U* knowing Y and Z. Obviously, U™
is in fact independent from Z, so we only need to condition by Y.

Lemma 2.16. In the previous probabilistic scheme, the law of U' knowing Y 1is the
uniform law on vector subspaces U™ satisfying the three conditions

dmU* =1 ; UcU'CY ; U"+W=Y. (8)
The number of such spaces (hence, the inverse of the probability P[UT|Y]) is
¢ mD0=) (¢ Drj

(@ m—t (@ bi—jom

Proof. We start by counting subspaces U™ satisfying the three conditions. It is useful to
introduce the quotient map 7% : Y — Y/U; then, the three conditions (8) rewrite as

dm7 (U =1—5 ; 79U +7Y(W)=Y/U. (9)
So, given two nested spaces H C K of respective dimensions a and b, the problem is now

to count subspaces G C K with fixed dimension ¢ and with G + H = K. One will then
take

a=k—j ; b=m—j ; c=1-j ; G=7YU" ; H=a'(W) ; K=Y/U.
This problem falls again in the setting of the Markov chain (Xj)g>o. Consider vectors
€1,...,¢e. and write their matrix in a basis of K whose first vectors form a basis of H.

Then, setting G = Span(ey, ..., e.), one has G + H = K if and only if the (b — a) last
rows of the matrix are of rank (b — a), so G satisfies the previous assumptions in

qbc Pc,q[bea =b—a N X} = C] = qbc Pc,q[bea =b- a] PaJrC*b,q[Xa =atc— b]

_ e (qil)a (q71>c
(q_l)b—c (q_l)a-i-c—b
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cases. Dividing this expression by the number ¢ (¢71). of bases of G, and replacing
a, b, c, one obtains the number

(m—1)(1—j) (¢ ry
(@ Vm=1 (@) kti—j—m
of subspaces satisfying the two “quotient” conditions (9). Finally, 7 etablishes a bijection

between subspaces of Y containing U and subspaces of Y/U, whence the formula in the
statement of the lemma.

q

Now, we check that P[UT]Y] is indeed the inverse of the previous quantity. Write
Comp(U™,Y) for the characteristic function of the three compatibility conditions (8).
One has

P(UT,Y)] _ U, u[UT] Comp(UT,Y)

PIUT|Y| =
= Pl U V]
-1 -1 '
= q(l*m)(l*j) (q )m_lE? >k+l—J—m Comp(U+, Y)
(q )kfj
by using Lemma 2.13 for P[m], and twice the formula U,;,. = (@ Deb (@ Doa fr the

(c—b)(b—a) ( 71) _
q q c—a
uniform probability of a random space of dimension b contained in one of dimension c,
and containing a fixed subspace of dimension a. O

To reintroduce some symmetry in Equation (7), let us fix U, Y and Z, and for (Y 9 =
v,2) LR(U+,V+X)
)

(U vix A% (I), consider the space

g5 Z) appearing in LR
V= gt (U + W),

Since LREE;Z )V +X) LREZ;;/ X (I) is an average of partial isomorphisms, one can then con-

sider V't as a random subspace of Z, with probability conditioned by U*, Y and Z.

Lemma 2.17. The law of V' knowing U, Y and Z is the uniform law on subspaces of
7 satisfying the three conditions

dmVt=%k ; VcVtcZz ; VI+X=727
Proof. As in the previous Lemma, we have to show that P[VT|(UT,Y, Z)] is equal to the
inverse of
(m—k)(k—j) (¢ )iy
(@ m—k (T eri—j-m’

q

and on the other hand,

N _ P[UT, VY, Z)]  P[U*,V*)]Comp(U*,Y)Comp(V*, Z)
PV Y. Dl = =5 Y. 2T~ P Unuew V] Uny sx [Z1PIUTY]

since Y and Z are entirely determined by U™ and V' and by the compatibility conditions.
The denominator can be calculated by using the previous results:

—1 1 —1
P[(U—F’Y" Z)] _ q(m—n)(m—j)+(l—m)(l—j) (q )ﬂ—m((Q_l))M—l (q )l—j.
q n—j
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Therefore, the claim of the lemma is equivalent to

-1 -1 -1 -1
P[(U+, V)] = g(m=m)m=i)+U=m)(=i)-+(k=m)(k=5) (@ n-m (@ m-t (@ mk (¢ rr1—j-m

(@ nyj 7
(10)

where the probability refers to the random choices of spaces and trivial extensions that
are done during the computation of L o RX(I).

We decompose this succession of random choices as follows, keeping track at each step

of the probability to obtain a trivial extension (Y 9= g3t Z) with given subspaces U™
and V.

(1) When applying R¥, there is a probability

(@ n—1 (@ )iy
q(n*l)(l*j) (q*l)nij

to obtain a given space UT. Denote then W' a subspace of W such that U +W =
U @ W'; it is of dimension (k — j), and

dim(UTNW') =dimU" +dim W' —dim(U" + W) =k +1—j —m.
Fix a basis (eq,...,¢e;) of U™, such that

(é1,...,€;) is a basis of U;

(€j11s -+ Ehi1—m) is a basis of UT N,

The (random) trivial extension (Ut 9% = ¢t V + X) of (U @ =,, V) is obtained
by first choosing a completion (fji1,...,f1) = (97 (¢j+1),--., 91 (&1)) of the basis
(fi,---, f;) = (q1(e1),...,91(er)) of V into a basis of V + X, and then by choosing
the matrix of g;. For the computation of V', one only needs to know what is
g (Ut NW’). This is a subspace of V + X of dimension (k + [ — j —m), linearly
independent from g, (U) = V, and arbitrary among those such subspaces, because
its basis (fj+1, - friti—m) is itself arbitrary and uniformly distributed. There are

(ql . qj) . <ql . qk+l—m—1) q(m+j—k)(k+l—m—j) <q—1)lij

(7 = 1) (@ = ) () (0 aat

such subspaces, each with the same probability. So, the extension operator R
yields the subspace U' and an arbitrary subspace g; (UT N W’) of V + X of
dimension (k 4+ — j —m) and linearly independent from V', with probability

(qil)n—l (qil)m—k (qil)k-kl—j—m (11)
q(n—l)(l—j)-i—(m-‘rj—k)(k-‘rl—j—m) (q—l)

n—j
Let us now apply LY. Fix W” C W' a complement of Ut N W inside W', so that
dim W"” =m — [ and
Vi=g U+ W)=g{ " UaW)=Vag (W)
=Veag (U nW)e g (W)
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By similar arguments as before, g+ (W") is an arbitrary subspace of (F,)" that is
supplementary to V' + X and of dimension (m — [), so it has probability

q(n+l—m)(l—m) (q_l)nfm (q_l)mfl'
(qil)n—l
From this and Equation (11), we see that a given choice of U, g (Ut N W') and
gi F(W") has probability

) (=) (L) (=) () (=) (@ Dn-m (@ Dmt (¢ (Cfl)mz—j—m. (12)
(@ )n—j
It remains to see how many choices of g; (U™ NW’) and g; " (W") yield the same
V*. The first part

Vg (UtnW) =g U nU+W))

is a subspace of V + X of dimension (k+!—m), and it does not change if one takes
for g (U NW’) another complement subspace of V' inside g; (U* N (U +W)). So,
one will have to multiply Equation (12) by the factor ¢/**/=™=7)_ One will also
have to multiply this probability by the factor ¢ D®*+=") which is the number
of complement subspaces g " (W’) of g; (Ut N (U +W)) inside V. So in the end,

P(U+, V+)] = glrH=m)=m)+(=n) =)+ (mj—k) (metg—h—{) i (b =m—=)+(m—0) ke {=m) R,

where R, is the quotient of symbols (¢7'), appearing in Equation (12) — notice
that it is also the expected quotient from Formula (10). It is now easy to see that
the power of ¢ simplifies as (m —n)(m —j)+({(—m)(l—j)+(k—m)(k—j). O

Denote C; yw,y the uniform probability on subspaces U™ satisfying the three conditions
of compatibility (8). Lemmas 2.16 and 2.17 show that \I/EZI?V x() is equal to
++
> Cowy[UT] Cryx z[VIIPI(g T, g DI, Z, U VO (Y 9 2 g5+ Z).
Uty
9 gl
It remains to see that the last conditional expectation is in fact the uniform probability
on trivial extensions with fixed left and right subspaces Y and Z, and sending U + W to
VT and V + X to UT — we shall say that these extensions are compatible with Y, Z,
Ut and V.

We shall use the following counting argument. In Equation (7), each partial isomor-

phism that appears has a subspace U™ which is entirely determined, because it is equal
(v,2)

to g3 "(V + X). Therefore, ¥ /iy, (I) is a linear combination of
g I (g (m+j—j1)(m—j) (¢ Dk (g Dy
(@) m—1 (@ rt1—jmm (@ ) kti—j—m
distinct partial isomorphisms, each with the same weight (the inverse of this number
of terms). So, P[(g{ ", 95 ")|(Y, Z,UT,VT)], which is a probability on trivial extensions
compatible with Y, Z, U" and V', is equal either to 0 or to the constant

q(m—k) (k=) +(m—=1)(=j)—(m+j—j1)(m—j)

= D @ @ Dy

Fq(mal7l _]+]1)Fq<l7j>]1> =dq
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As a consequence, it suffices to show:

Lemma 2.18. The number of trivial extensions compatible with Y, Z, Ut and V' is

L gt mei =R =)= m-D=3) (1) ()

P

So, P[(g7 ", g5 Y, Z, U+, V)] is never equal to O for a compatible extension, and it is
the uniform probability on these compatible trivial extensions.

k+l—j—m-

Proof. With the same notations as in Lemma 2.16, one chooses a basis (e1,...,€,) of Y
such that:

e1,...,e;) is a basis of U;
e1,...,e) is a basis of U™;

(
(
(€141, ---,€m) is a basis of W";

(Emtjkt1s---,€1) is a basis of UT NW;

(Emtj—ki1s---,€m) is a basis of W',
Fix a compatible trivial extension, and denote f; = g " (e;).

(1) The first j vectors (f1,..., f;) are fixed since (g ")y = g1, so there is no choice
there.

(2) The (k+1—j—m) vectors (fm+j—k+1,---, fi) form a basis of a supplementary of
Vin VN (V + X); here one has

k+l—-m qj) . k+l—-m qk-i—l—m—l) _ q(k+l—m)(k+l—j—m) (q—l)

(g -+ (q

possibilities.

k+l—j—m

(3) The (m — k) vectors (fjt1,-.., fm+j—k) form a basis of a complement subspace of
VN (V4 X) inside V + X; this gives ¢! (¢71),,_1 possibilities.

(4) Finally, the (m — 1) vectors (fi41,..., fm) form a basis of a complement subspace
of V¥ N (V + X) inside V7; this gives ¢*"=1 (¢1),,_; possibilities.

So, there are

qk(m—l)+l(m—k)+(k+l—m)(k+l—j—m) (q_l)m—k (q_l)m—l (q_l)k+l—j—m

possibilities for g ". Then, with respect to the two bases £ and F previously chosen,

Condition (4) in Definition 2.3 ensures that a trivial extension of (U 912, V') to spaces
Y and Z is given by a matrix

G (G-1,-;)R
sttty = (G (€Y.

with R rectangular matrix. This rectangular matrix R can really be chosen arbitrary,
because the conditions of compatibility have all been ensured by the choice of g *. So,
there are ¢~ possibilities for (G — I,,_;) R. This last factor multiplied by the
previous quantity gives indeed

g m =) ==K =) =(m=D0=3) (1) () (e

Im_;

distinct trivial extensions that are compatible with Y, Z, UT and V. O



PARTIAL ISOMORPHISMS OVER FINITE FIELDS 27
Thus, we have proved the following decomposition theorem for L" o RX:

Theorem 2.19. If [ = (U "=, V), then

LY o R¥(1) = " Pim] Uy rsw Y] Upvix (2] \Ifg:fv{vx)(f)

++
\Pg@ v d) ZCI owy U] CryxzlVT ] Dyt w(gi T3 ) (Y 9 265+ Z),
VV+.X

where:

e m runs over [sup(k,l),inf(n,k+1—7)], and it has probability P[m] given by
Lemma 2.15;

o (Y, Z) runs over pair of subspaces of dimension m containing respectively U + W
and V 4+ X, and it has uniform probability U,, ysw|Y|Umvix[Z] among these
pairs of subspaces;

o U™ (respectively, V) runs over subspaces satisfying the three conditions of Lemma
2.16 (respectively, Lemma 2.17), and it has uniform probability C,ywy[U™] (resp.,
Crvx.z[VT]) among them;

o and (97", g5 ") runs over trivial extensions of (g1,g2) to Y and Z with the addi-

tional constraints
TU+W)=V"t : g T(V+X)=U" :

and it has uniform probability DU,U+,W(gf+, g3 ") among these trivial extensions.
V,VE.X

Since this description is symmetric in the entries of I on the left and on the right, one
obtains the same expansion for R* o LW (I), so Theorem 2.12 is true.

2.4. Proof of the associativity. Fix three partial isomorphisms G = (S 9 =, T),
H = (U Mz, V)and I = (W "2, X), of respective dimensions jg, jg and jz. The last
step before the proof of Theorem 2.8 is a more concrete description of RV (RY(G)-LT (H)),
where - indicates that one takes the product of two partial isomorphisms such that the
right subspace of the left-hand side corresponds to the left subspace of the right-hand side
(this restriction - of the product * is clearly associative). Recall the description

RVLT(H Z Pim|UprivY]Unyiw|Z] ‘llngZ;)VvW) (H),

where P[m] is an explicit probability on integers between max(dim(7" + U), dim(V + W))
and min(n, dim(7" + U) 4+ dim(V + W) — jg), see Lemma 2.13.

Proposition 2.20. With the same notations,

RY(RY(G) - L' (H)) = 3 Plm] Upreo V] Uyl 2] (RY(G) - 002 ()



28 PIERRE-LOIC MELIOT

Lemma 2.21. Consider two partial isomorphisms G defined over spaces A and B, and
H defined over spaces D and E. If AC At C AT, EC EY CE™, and B+ D c C™,
then

A++ E++ A+ C+ C+ E+
LR(A+ E+) (LR A,B) (G) LR (D,E) (H)>
(At+,0t+ o+t Ett
= Z Um,C+ [C++] <(I)(A,A+;B7C)+)(G) ’ CI)ED7C+;E7E)+)(H)> J
where m = dim AT = dim E**; and

A'H';C'H' AT+ C++ AT C+
(I)EA,AﬁB,C)ﬂ(G) = LREA+ ct) LREA B) )(G)

is the mean of all trivial extensions of G to spaces AT and C** that send AT to C*
(CHHETT)

(and similarly for @ oip pey(H)).

Proof. Let G = (U 9=, V) and H = (V "=, W) be two partial isomorphisms of same
dimension k, and m = dim U™ = dim W+ with U Cc Ut and W C W*. We claim that:

+ + oyt + W
LR, NG H) =Y Uy [V <LRU V(@) LRy Y )(H)>. (13)

To begin with, notice that both sides of (13) are averages of partial isomorphisms con-

tained in the set &(UT 1 U 9=, , 0 W 1 WT). This is obvious for the left-hand side,

and for the right-hand side, if (Ut 9 = ¢ V*) and (V" = »f W) are two trivial
extensions of G and H, then with the notations of Definition 2.3, g1g2 = idy+,y and

s = idy- v, 50

gihi hags = g1 <h1h2> G2 = Gi1g2 = idU+/U7
which means that the product of trivial extensions is a trivial extension. Therefore, it
suffices to show that every element of &(UT 1 U 9" =, W 1 W) appears in the

right-hand side of (13), and with the same weight. Fix two bases £ and G* of Ut and
W such that

mat&g(glhl) = Ik 3 matgf(thQ) = GH

By Lemma 2.4, a trivial extension of (G - H) is given by two matrices

mate+ g+ ((g1h1)") = (Iok ?g) with K invertible and R; rectangular;

- _ ~1
matg+ g+ ((hage) ™) = (GOH (GH[ I:)R2) (é f[iéf ) with R, rectangular.

Thus, introducing the two subgroups of GL(m, F,)

P(m,k) = { ([k R) , with K invertible and R rectangular} ;

0 K
N(m,GH) = { (% <GH:];_£“) R) , with R rectangular} :

the group P(m, k) x N(m, GH) acts on E(UT + U 9=, W + W) in a free transi-
tive way. Consequently, it suffices to verify that the right-hand side of Equation (13) is
invariant under this action. In the following we denote RHS this right-hand side.
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Set f; = g1(e;) for i € [1,k], and

mate (1) = Iy~ ; matrge(ge) = G

matzg(hi) = Ik ; matg, r(hs) = H.
To choose randomly V' in RHS, one can choose a random completion (fiyi1,---, fm)
of (f1,..., fx) into a family of m independent vectors of (F,)", and then set V' =
Span(fi,..., fm). This allows to choose simultaneously the extension g by requiring

that matg+ 7+(g;) = I,. Then, in RHS, conditionally to the previous choice of F,
I, R
matr- g () = (1)

_ _ -1
matg+,f+(h;) = (H (H [k) R2) ([k le( ) )

0 Ik 0 Kt
G (G—-Iy)R
matz+ g+(g3) = (O ( ]mkk) 3)

where K has uniform law on GL(m — k,F,), and Ry, R, and Rj are independent and
uniformly distributed rectangular matrices in M(k x (m — k), F,). So,

RHS = STUIF* K Ry ] () = (§00) (00" (5 547))
= Y UIFS K Ry, RoRe) () = (@O ) ()

where the U’s denote the previously described uniform laws. Now, note that the random
free family 7 does not appear anymore in the description of the partial isomorphisms

from U' to W+. Thus,
RHS = ) "U[K, Ry, Ry, Rs ((Ik )= (Ggf (GH=G) R2+<G—fk>Rs> (Ik ~Ri K )) ’

0 K Jf— 0 Kt

with the matrices written w.r.t. the two bases £ and G*. In this representation of RHS,
the invariance by action of P(m, k) is obvious. On the other hand, if one makes act an

element (I’“ (G?mf: > of N(m,GH), then the random matrix

(Ggl (GH-G) ?ﬂicilkmg) becomes (Gé*{ (GH-Q) (R2+§%TT)L:EG711€)(R3+R)) '

Since R, and R3 are independent uniformly distributed rectangular matrices, the law
of (Ry + R, R3 + R) is the same as the law of (R, R3), so the invariance by action of
N(m,GH) is also shown. Finally, Lemma 2.21 follows from the simpler and more general

identity (13) by expanding linearly LREﬁ BC+)(G) and LRggE?ﬂ(H ). O

Proof of Proposition 2.20. Set k = dim(T+U) and [ = dim(V +W). One has by definition
of the extension operators:

.\
RY(G) - LT(H) = Y Ups[S*] Upy [V'] (LRE@T)”U)(G) LRG0 )(H)>.

By Lemma 2.13, the law of m = dim(V™* + W) is given by P[m], and then by Corollary
2.14 and Lemma 2.16, one obtains for R" (RY(G) - LT(H))

Z P Uk s Um,s+ [S++] Um,V+W[Z] Ck,V,W,Z[Vﬂ @(m,SﬂSH,Z,Vﬂ(Ga H)
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with
O(m,s+,5t+,2zv+) (G, H) = LRgTVi) (LR(S+ T+U)(G) LR(?XL/[)J V+)<H)>

B (S++.Y) (Y;2)
Z Um T+U < (S,5+;T, T+U) (G) . (I)(U,T—&-U;V,VvL)(H))

by Lemma 2.21. Therefore, by changmg the order of summation,

R"(RY(G) = Pm|Un 10V Unviw 2] Chvwz [V Egny.zv) (G, H),
where
—_ Sty Y Z
=(m,Y,Z V+) G H Z Uk S m St [S++] ((I)ES,S-F;T?TJrU)(G) CI)EUTJ)FU V,V+) (H)>

STy YiZ
= Z Um S S++ (LRgsz) )(G) : (I)EU,T-)i—U;V,VJF)(H))
Y;Z)
= R¥<G> (I)EUTJrU VV+)<H)

Finally, by using the remark at the beginning of the proof of Lemma 2.21, the definition
of the operators ¥, and Lemma 2.16,

(Y;2) (Y;2)
Z Crvw,z[VI] @it v+ (H) = Yy (H),

which leads to the expansion stated in the Proposition. O

Proof of Theorem 2.8. Proposition 2.20 shows that
(GxH)*I= (RW(RU(G) LT(H))) + 1

— Z Pim| U, r+v[Y] Upviw(Z] <<R¥(G) ' \IIE}(;TZ)VW)(HD § I>

= Pm]Uprsv[Y]Unyviw[Z) <R¥(G) ‘ ‘ngffv,m(H) ~L§/(I)> :

The symmetry of this form ensures that one obtains the same with G % (H x I'). Thus, we
have finally shown that <7 (n, F,) is an algebra. O

Remark 2.22. The whole proof of the associativity of the product * justifies Definition
2.1 of partial isomorphisms as pairs of isomorphisms between two arbitrary subspaces
of same dimension. One could have tried the following simpler construction of partial
isomorphisms: a partial isomorphism is one linear automorphism ¢ of a subspace V' C
(Fy)", and the product of these simpler partial isomorphisms is defined by taking means
of trivial extensions, a trivial extension of (g,V’) to a space VT containing V' being an
automorphism g* of V* such (¢%)jv = g and t(g*) = t(g) U (X — 1 : 1¥"=F). This seems
easier and more natural, but it does not work: the underlying “algebra” is not associative
as soon as n > 2. Indeed, given two “naive” partial isomorphisms G, H defined on the
same space L of dimension 1, and I the partial isomorphism which is the identity on
a 2-dimensional space P containing L, it is easy to see that for G and H non trivial,
G x (H = I) is not the same as (G x H) % I: the last product contains only diagonalizable
partial isomorphisms of P, and it is not the case of the first product.
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3. CONSTRUCTIONS AROUND &/ (n,F,) AND Z(n,F,)

In this section, we analyze the relations between C[GL(n,F,) x (GL(n,F,))°?] and
o (n,F,); between Z(n,F,) and a subalgebra of invariants 2'(n,F,) C </(n,F,); and
between the algebras Z(n, F,) for various values of n. Our main goal is to prove Theorem
3.7, which generalizes an old result of Farahat and Higman for products of conjugacy
classes in the symmetric group algebras ([FH59, Theorem 2.2]), see also [IK99, Proposition
7.3|, [Mél10, Theorem 1] and [Toul2, Theorem 2.1]|.

3.1. The map from </ (n,F,) to C[GL(n,F,) x (GL(n, F,))°"?]. Consider the extension
operator
=LF)" =REF

it is idempotent, and it sends & (n, F,) to a subalgebra of it which is isomorphic to
C|GL(n,F,) x GL(n,F,)°PP]. Indeed, a partial isomorphism with underlying spaces (F,)"
and (F,)™ is just a pair of isomorphisms (g1, g2), the product being

(91, 92)(h1, ha) = (9171, haga),
that is to say the product of GL(n,F,) x (GL(n,F,))°P.
Proposition 3.1. The map m, : </ (n,F,) — C[GL(n,F,) x (GL(n, F,))°"?] is a morphism
of algebras. Moreover, it is compatible with the action of GL(n,F,) on the left and on the
right.

Proof. Take two partial isomorphisms G = (S 9=, T) and H = (U "=, V). By
Proposition 2.20, one has:

(G x H) = R(Fq)"(RU(G) -LT(H))
= Z Pim|Uprv[Y]Un, v, [Z] (RT(G) ' \IJEE,;TZ;)V,(Fq)n)(H)>
= R (G) - WEIREN (H) = 7al(G) - ma (D)
Consider the inclusion
GL(n,F,) — GL(n,F,) x (GL(n,F,))°"
g+ (.97

The compatibility of 7, = R(FY" with the action of GL(n, F,) on the left follows from the
general relations

g Ry (U2, V) =Ry (g (U 922, V) (14)
<LU*<U91~92 V) k=LY (U2, V) k). (15)

They are themselves easily seen for instance from characterization (2) of trivial extensions
in Definition 2.3. Since 7, = L(F9)" one obtains for the same reasons the compatibility of
7, with the action of (GL(n,F,))°*® on the right. O

At this point one might want to construct an algebra 7 (oco,F,) which would be a
projective limit of the &7 (n, F,)’s, in order to do generic computations directly for all the
algebras C|GL(n, F,) x (GL(n, F,))°?]. However, the product of two partial isomorphisms
G=(S9"=, T)and H = (U™=,, V) in an algebra o/ (n/,F,) involves arbitrary
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subspaces ST O S and V* D V inside (F,)™. So, even if U, V, S, T are included into (F,)"
with n < n’, there is no natural way to view the terms of G * H as elements of &7 (n,F,),
even after applying a morphism to “bring back” S* and V* into (F,)". In other terms,

Prisn = A (0, Fy) = o (n,F,)

(U e, V) iUV C(Fy)",

U=, V)=
( o ) {O otherwise

is not a morphism of algebras, in opposition to what happens for partial permutations
(cf. [TK99]). This difficulty seems to be a common feature for products defined by taking
means, see [Toul2, Proposition 3.11|. It disappears by looking at subalgebras of invariants:
indeed, one knows then the proportion of configurations that stay in (F,)”, and this will
enable us to construct projections Z(n’,F,) — Z£(n,F,) that are now morphisms of
(commutative) algebras.

3.2. The graded algebras of invariants 2(n,F,). We define 2 (n, F,) as the subspace
of o/ (n,F,) that consists in elements invariants under the actions of GL(n, F,) on the left
and of (GL(n, F,))°? on the right. Equations (14) and (15) show that for general elements
of #(n,F,),

g-(xxy)=(g9-7)*y,

(@ xy)-h=wx(y-h);
therefore, Z(n,F,) is a subalgebra of </ (n,F;). Then, Proposition 3.1 ensures that
(2 (n,F,)) is included into the center of the group algebra Z(n,F,), and it is in fact
equal to this center. Indeed, the injective map

in : C[GL(n, F,) x (GL(n,F,))°?]) — 4/ (n,F,)
(g, 1) = ((Fg)" 7= (Fg)")

satisfies 7, o i, = idcigxgerr), and it sends Z(n,F,) into Z'(n,F,). So, for every n, we

obtain an algebra that sends onto Z(n, F,) in a natural way. In this paragraph, we detail
the properties of 2 (n,F,).

To start with, we endow o7 (n, F,) with the grading deg(V 9=, W) = dimV = dim W.
This is a grading of algebras: indeed, for two partial isomorphisms (U 9 =, V) and
(W hl‘jh2 )7
deg (U 922y, V) = (W M2, X)) = deg (RyTV(U 922, V) - (L™ (W My, X))

=dim(V + W)
< dimV 4 dim W
< deg(U "2, V) + deg(W "z, X).

For a polypartition of size k£ < n, recall that 1" is the polypartition of size n obtained
by adding parts 1 to the partition pu(X —1). We also set k = | |, k; = (u(X — 1)) and
ki1 = my(u(X —1)). These quantities, and Pochhammer symbols of them, appear in the
quotients of cardinalities

card C' 4n

cardC '
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as follows from the formula given on page 5.

Proposition 3.2. The space of invariants 2 (n,F,) is a graded algebra, with homogeneous
basis given by

A=Y (Span(&) "=y Span(F)),

E=(e1,..s€k)

F=(f1,5S%)
where  runs over the set | |,_,B(k,F,) of polypartitions of size k € [0,n]; the sum
is over free families € and F of size k = | |; and the matrices Iy, and J( ) determine
isomorphisms with respect to the chosen bases € and F. One has then degA ,, =| | =k,

and

2 — — _
T (A ):q2(nfk)k1 q% (q 1)k (q 1)n—k+k11 (q 1)n C’
’ (q_l)ku ((q_1>n—k>2 (Cal"dc ) L
wﬁere as in the introduction C' = mzt(glgg): (91, 92) for a polypartition  of
size m.

Proof. The grading on 7 (n, F,) restricts to 2°(n,F,), with obviously deg A , =| | =k.
Let us check that (A )| |<, is indeed a basis of 2°(n,F,;). By a previous remark, the
orbit of a partial isomorphism (V 9=, W) is uniquely determined by the conjugacy
type of g1g2 € GL(V), and an invariant element of 2 (n,F,) writes uniquely as a linear
combination of such orbits. Since A ,, consists obviously in elements of type , it suffices
to verify that it is an invariant element; it will then be a multiple of the orbit of type
Let g € GL(n,F,); one has

g-A = Z g - (Span(€) Ik<:>J( ) Span(F))

S:(e1,...,ek)
F=(f15-sfx)
_ 3 (Span(&’) = ¢y Span(F)) = A ,,
E'=(g7(e1), g  er))
F=(f1,-fr)

since ¢~! yields a permutation of all free families of size k in (F,)". This shows the
invariance on the left, and the invariance on the right is proven similarly.

Thus, (A )| |<n is & basis of Z(n,F,;), and m,(A ,) is an element of Z(n,F,) that
consists in elements all of type 71" (they are trivial extensions of elements of type ).
So, my(A n) = a C',., and the coefficient a is given by the quotient of the cardinalities

of A , and of C 4, the conjugacy class of elements of type 1" in GL(n,F,). Denote
ki =L(pu(X —1)), and k13 = mq(u(X — 1)).

-1 2
card A ,, = "k—(q I )
o (q (¢ Dt
PR (1), (g ),
(q_1>k (q_l)nkarku

2n—k)ki s (@ (@t (@)
(@b (@ Dnk)? (card C )

cardC 4n = ( ) card C

o =q
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In the following, we shall deal with various scalar multiples of the (completed) conjugacy
classes C' 4+» and of the classes of partial isomorphisms A ,. Thus, we denote

classes number of elements
B @R E=RD (71 (a7
C tmo= G%:F )g ( (@D (@ Dn—ktrg, 11) card ¢
ge n,
Hg)= 1"
~ C Tn
L !
card C' 4n
1 2
A= 30 (Spanle) =g Span(F) | (4 i)
E=(e1,...,ek)
.F:(flr“)fk)
~ A n nk (@ Yn
An= T L
~ A
A= —2 1
T card A ,,

where by number of elements we mean the image by the linear map g € CGL(n,F,) —
1 € C, or by the linear map (V 9=, W) € &/ (n,F,) — 1 € C. Most manipulations are
eased by dealing with the normalized versions of classes (those with a ~).

Proposition 3.3. The algebra Z(n,F,) is commutative.

Proof. Ultimately the result comes from the commutativity of all the algebras Z(CGL(V))
with V' subspace of (F,)", but the verifications are not obvious at all. On the other hand,
we really need to do them in order to obtain a formula for the product of two classes A ,,
and A ,,; so we cannot skip this proof of commutativity. Take two random independent
subspaces V' and W of dimension &k and [ inside (F,)". The law of m = dim(V + W) is
the case 7 = 0 of Lemma 2.13:

(@ (@ Dt (@i (g
(@ Drrt=m (@ Dnm (@D (@) m-r (@Dt

Then, since the law of the pair (V, W) is invariant by action by GL(n,F,), Z =V + W
is a random subspace with a law invariant by GL(n,F,), so its law is a mixture of the
uniform laws on random subspaces of fixed dimension m. Hence,

P[dim(V + W) = m] = glkHi=mim=n)

P[Z] = P[m]U,,[Z] with m = dim Z.

Corollary 2.14 then tells us that knowing Z, V' is uniformly distributed among spaces of
dimension k included into Z; and knowing Z, W is uniformly distributed among spaces
of dimension [ included into Z. Notice however that the joint law of (V, W) is not the
product of these uniform laws; in other words, V' and W are not independent conditionally
to Z. One can rewrite A , as a multiple of the normalized sum

A, = > URLE]UR[F] (Span(€) k= ) Span(F)),

&, F free families
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where UFj[€] and UF,[F]| are the uniform probabilities on free families of size k = | |.
Notice then that

RVT| Y WREIWFv[F] (Span(€) "=y ) Span(F)

E,F free families
Span(F)=V

= Z LFk+ [g+] wv+,v[f+] (Span(é”“) Ik+<:>J( Tht) Span(f+))

&+, Ft free families
Span(F+)=VT, Span(F)=V

if V' V* have dimension k and k™; here UFy [F] (resp., UFy+ y[FT]) is the uniform law
on free families of (F,)" such that Span(F) = V (resp., such that Span(F*) = V* and
Span(F) =V, with F the family of the & first vectors of FT).

A product of two normalized sums A » and A n Writes now as

> WFIE, F,G.H] (Span(€) = ) Span(F)) * (Span(G) "= ) Span(H))
EF.GH
3 (Uk[V]Uz[W]LF[&H]LFv[F]le[Q]x )

w5 \(Span(&) = ) Span(F)) * (Span(G) 1= () Span(H))
iy

Span(F)=V

Span(G)=W

P[m| U, [Z] P[(V,W)|Z] UF[E, H| Ury [F] Urw [G] X

B Z;V (R“erW(Span(S) vz 50y Span(F)) - Lt (Span(G) 1= Span(?—[)))
EFGM
Span(F)=V
Span(G)=W

P[] U [Z) U, [EF, HH PV | Z] UF 2y [FH PIW|(Z, V)] UF 2w [G] x
_ 3 ([][][ |P[V|Z] [FHPWI(Z, V)] [])

ZVW (Span(E+) 5 4my Span(F+)) - (Span(G+) 25 4m) Span(H*))

g+7]:+7g+77.[+
Span(F+)=7, Span(F)=V
Span(G+)=2, Span(G)=W

P[m] U, [Z] UF [, HT U £ [FH PIW|(Z, V)] UF 2w [GH] x
:Z([][][ JUF2[FTPW((Z, V)] [])

-1
VW (Span(E+) P2 5 4mypy( +m) Span(H*))
ETFH.GHHT
Span(F1)=Z, Span(F)=V
Span(G1t)=Z, Span(G)=W

_ 3 (P[m] W [Z] UEm[ET, HTTURZ [P PIW|(Z, V)| WP 2w ([G7] X)
2V (Span(€) & posy pmypa( ) Span(H*))
ETFTGTHT

Span(Ft)=Z, Span(F)=V

Span(G*)=Z, Span(G)=W
where P stands for the matrix matz+(G"). Notice that this matrix P is the only part
depending on V, W, F* and G* in the last average of partial isomorphisms. Therefore,
the sum will be simplified if we are able to identify the law of P under the probability
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UFZ[FTIP[W|(Z, V)] UFzw[GT], which is a conditional probability depending on the ran-
dom variable Z. We claim that this law is just the uniform law on matrices in GL(m, F,).
Remember that F* is chosen uniformly, that the law of W knowing Z and V is the
uniform law on spaces with dimension [ and with V + W = Z, and that G" is then the
uniform law on bases of Z with Span(G) = W. This implies that:

(1) The probability of a given matrix P is invariant by conjugation by elements of
GL(m,F,):
Plmatz+(G*) = P| = Pmat,z+)(9(G")) = P] = Plmatz+(G") = gPg™'].

(2) For V fixed, the probability conditionally to Z and V of G is invariant by action
of the parabolic subgroup T(k, m — k,F,) of block-triangular matrices

K R
( 01 h ) with K, € GL(k,F,), Ky € GL(m — k,F,), R € M(k x (m —k),F,),
2

since this is the stabilizer of V' inside GL(m, F,).

If £ = 0 or m the second point proves the claim. Otherwise, the group that leaves
invariant the probability P[P] is a subgroup of GL(m,F,) that contains the maximal
parabolic subgroup T(k,m — k,F,), but also all its conjugates. Therefore it contains
strictly T(k,m — k,F,), so it can only be GL(m, F,) itself, and the claim is shown in full
generality.

We can finally write:

~ ~ Pim|UF,,[ET, HT .
A, xA = Z Lar]d GLEm F) ] (Span(E) " p-15( 4mypy( 1my Span(H™))
E+ H T
PeGL(m,Fq)

_ Z Plm] UF,, [ET, HT]

card GL(m, F,) (Span(é’*) Im‘:)J( tm)P=1J( ™) P Span(?-ﬁ))
» g

g+77.[+
PeGL(m,Fy)

B P[m] Ur,,[Ft, HT]
B Z card GL(m, F,)

(Span(F ™) P;’J( gmyp-17( 4m)y Span(H"))
Fat
PEGL(m,F,)

_ P[m] W[ 77, G
B Z card GL(m, F,)

(Span(F*) & p ¢ pmyp-1( 4m) Span(G"))
Ft.gt
PeGL(m,Fq)

_ Plm] U, [FT, G7]
B Z card GL(m, F,)

(Span(}_+) Im(:>p71(]( tmYPJ( 1m) Span(g+))
Ft.Gt
PeGL(m,Fq)

:Am*g’n

by using on the second line the fact that Y, P~*J( 1™)P commutes with everyone in
CGL(m,F,), because it is a multiple of a conjugacy class. O
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Remark 3.4. Starting from the last computation in the proof of commutativity, one can
give a useful expression for the product of two normalized classes A ,, and A ,,: this is
~ ~ Z P[m] UF,,[ET, HT]

’ (card C' 4m) (card C' 4m)

(Span(£T) "= Span(H™)).

ETHT
HG)= ()= 1™

With this expansion, it becomes obvious that A n ¥ A n=A , % A n, because in any

) )

group algebra CGL(m, F,), C g C pm = C gm % C' g

3.3. The projective limit Z(co,F,). We focus now on the construction of a projective
limit of the subalgebras of invariants (in the category of graded algebras). The main tool
is the following;:

Proposition 3.5. Consider the linear maps
P (n+p,F,) = A (n,F,)
P (V 0=, W)V W C (R

(qil)rH—p—k (g YHn
0 otherwise,

(V 9eg, W) e {

k denoting the degree of the partial isomorphism. Their restrictions ¢p*P : % (n+p,F,) —
Z(n,F,) are morphisms of commutative algebras and they satisfy the relations

o7 (A ) = 4 (16)

where A .
a n _ (¢ )n—r

n = A .
’ VeardA , ¢ (g7 )

Proof. To avoid any ambiguity, we shall precise by indices the notations of the proof of
Proposition 3.3. Thus, we shall denote Py, ,[m] the probability of m in the previous
probabilistic scheme and in (F,)", and UF ,[€] the uniform probability over free family
of size k in (F,)". Fix two polypartitions and of sizes k and [. If k or [ is strictly

bigger than n, then gbﬁ“’(;l n+p) OF gbzﬂ’(g n+p) is equal to zero, and on the other

hand, every partial isomorphism appearing in A ,,,,*A ,., will have degree bigger than
max(k, ) > n, so one has

P <ﬁ ntp * A 7n+p> =0=¢""P <ﬁ 7n+p> * PP (ﬁ ,nﬂ,) .

Suppose now k < n and [ < n. We compute ¢"P(A % A ,.4,p) as follows:

N N (n+p)(k+1) -1
(& 2 A ) = 7 o

2
wiol g (30w A
(@Y ntp—t (@ ntpi o ( P ’n+p)

and

¢Z+p (1Z ntp * A ,n+p>

3 Prtntpm] Urmnip[€ H]

n+p + Im(:) +
card(C 1m x C 1m) ¢ P (Span(ET) e Span(H™)),

5+,H+
tH(G)= 4™
t(H)= tm
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where the families £ and H™ run a priori over free families of size m in (F,)"*?, but in fact
over free families of size m in (F,)", since otherwise ¢"*?(Span(E') m2ge Span(HT))
vanishes. The quantity P ,ip[m] UFnip[EF, HT] is equal to

Q(kJrl*m)(m*nfp) (qil)n—i—p—k (qil)n-l—p—l (qil)k (qil)l ( (qil)n-f—p—m )2

(@ Vrti=m (q_l)n+p—m (@ Ynsp (@ Vm—t () m—i gmty) <q_1)"+p

) (g7 (@ D (6w (e (07 ( L )2
(@ Dnen) (@Dt (€Dt (4 gt )

which multiplied by /(card A ,,1,) x (card A ,,;,) gives

A U Pl (o TS Ui
(q_1>n+p (q_l)kJrlfm (q_l)mfk (q_l)mfl
Multiplying again by the coefficient in the statement of the proposition, we get:

iy [ -
o <A ntp ¥ A ,n+p)

- ¥ g* 0 (gD ()i (@ )nem (Span(ET) ™ pg Span(HY)) (17)
it (@ Yrtt—m (@ Dm—t (T Hm- (¢ Y)n card(C 4m x C 4m)
HE)=
t(H)= 1"

On the other hand,

7 (A ) = L oo (7,

k(n+p) -1
_q (@ n+p 3 Finipl€, F] ¢ +P(Span(€) T*= Span(F))

() ntp—rk o card C
HG)=
_ Z ¢ " (¢7Y)_r (Span(€) *=25 Span(F))
o (¢ Yn card C
HG)=

where again the families £ and F run a priori over free families of size k in (F,)"*?, but
in fact over free families of size k in (F,)", since otherwise ¢"*?(Span(€) "*=¢ Span(F))
vanishes. Therefore, one can rewrite this as:

~ nk (,—1
(bZer (A ,n+p> — w Z M (Span<5) Ik:G Span(f))

(Y card C
HG)=
nk (—1 - N
i U Ly S
(q_ )n—k

This proves in particular that ¢+ (2 (n + p,F,)) = Z(n,F,). Finally,

~ e Prin[m] LFm,n[g+7H+] +\ In—s +1Y.
A, xA,= Z (card C ) (card C o) (Span(ET) ™= yg Span(H™));

5+,’H+
HG)= tm
t(H)= 4™
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the quantity Py .[m] U, ,[ET, HT] is equal to
q(k+l—m)(m—n) (q_l)n—k (q_l)n—l <q—1)n_m <q—1)k (q_l)l ( 1 )2
((q_l)n>3 (q_l)k+lfm (q_l)mfk (q_l)mfl ’
which multiplied by y/(card A ,,) x (card A ) gives
q(k+l—m—n)m (q_l)n—m (q_l)k (q—l)l
(@ Yn (@ rst=m (@)t (T )m—i

This is exactly the coefficient of Equation (17), so the morphism property is shown —
notice that if

qmn

1, = ({0} =44 {0}) = A = Ay
is the unity of <7 (n,F,), then one has indeed also ¢*?(1,,,) = 1,. The compatibility
between the maps ¢*? is obvious from the relations (16), so one gets as announced an
inverse system of graded commutative algebras
- — Z(n+2,F) — Z(n+1,F) — Z(n,F) — ---.
O

From there everything gets easy. With | | = k and | | = [, denote S the structure
coefficients given by the product

A xA = E S A g

| |<k+l

in Z(k+1,F,). If | | > n, we convene that A » = 0. Since the maps ¢F*! are morphisms
of algebras, for every n < k + [, one also has
Aed, =3 s A,
| 1<k+l

We claim that this identity still holds for n > k + [. Indeed, denote S (n) the structure
coefficients in 2 (n, F,), such that

| Isn

The grading ensures that the sum is indeed over polypartitions of size less than k +[. By
applying the map ¢j;,; to the previous identity, we get

A px A = Z S () A .

| |<k+l
Since (A )| |<k4 is a basis of Z°(k 41, F,), this shows that S (n) =5 (k+1)=5 . As

a consequence:

Theorem 3.6. The graded commutative algebra Z (oo, F,) with linear basis A , €
LI o B(n, Fy) and with product

AsxA = Z S A
[I<] 4] ]

is well-defined and forms a projective limit of the Z(n,F,)’s in the category of graded
algebras.



40 PIERRE-LOIC MELIOT

The structure coefficients S are rational numbers: they are obviously in Q(gq) since
every product in o7 (k + [, F,) involves averages with coefficients in Q(¢), and assuming ¢
fixed, Q(q) is identified with Q. Denote II,, = m, 0 ¢2°, where ¢2° : & (o0, F,) = Z(n,F,)
is the canonical projection, and 7, is the map from Proposition 3.1. This is a morphism
of algebras from 2(oc0,F,) to Z(CGL(n,F,)), with

n(2ki —k) CEEFD (Y (@ YVnokiky, Cppn - B
Hn <A\ ) - q ( ' ) (qil)kll (qil)n—k = Caru:iTCuJ lf | | - k S n
0 otherwise.

Fix two polypartitions and of sizes k and [, and with k;; = mi(A(X — 1)) = 0 and
l17 = m1(u(X — 1)) = 0; hence, they correspond to classes of partial isomorphisms that
are not trivial extensions of smaller partial isomorphisms. This is the analogue of the
restriction “without fixed points” for permutations in our statement of Farahat-Higman’s
theorem on page 3. Notice however that one does not require k;y = ¢(A(X — 1)) or
li = ¢(u(X — 1)) to vanish; so, the isomorphisms considered may have non-zero fixed
vectors, but no non-zero fixed vector with a stable complement subspace. Under the
previous assumption, most of the previous formula simplifies and we get

n(2k1 4201 —k—1) q2k(kfk1)+2l(lfll) (qil) ( 71)1 C TZ xC T")
card(C x C

- Z S q”(2m1—m) qu(m—ml) <q_1)m <q_1>n*m+m11 C ™ .
(@Y (@ YHnem card C

q

| [=m<k+
By putting everything independent from n in modified structure coefficients

s Card(C x O ) q2m(m—m1)—2k(k—k1)—2l(l—l1) <q—1)m
S =

card C (k@) (@ )mn ,
we obtain finally:
k) (1—20)—(m—2ma)) (@ e
Cin X C g = Z s U2k F(1=20)— (m—2m1) _q—m“"ncw
| |k (q )n—m

This leads to a GL(n,F,) version of a theorem of Farahat and Higman, which to our
knowledge was not known before.

Theorem 3.7. Fiz two polypartitions and of sizes k and l, with ki1 = my(AM(X —1)) =
0 and ly; = my(u(X —1)) = 0. There exists polynomials p (X) with rational coefficients
such that for every n >k + 1, in the center of the group algebra CGL(n,F,),

CpnxCm=Yp (¢")C,

where the sum runs over polypartitions  of size m < k + [, and again with my; =
my(v(X —1)) =0.

Proof. The n-dependent part of the coefficient of C' +» in the previous expansion writes as

n((k—2k1)+(1—2l1)—(m—2m1)) (q_l)n*ermll
q -1
(@ n-m
_ qn((k—2k1)+(l—2l1)—(m—2m1)) (1 . q—(n—m+1))(1 . q—(n—m+2)) L (1 _ q_(n_m+m11))-
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This is a prior: a Laurent polynomial in ¢" with rational coefficients. Gathering together
the polypartitions which give the same completed polypartition 1" (they differ by the
number of parts 1 in v(X — 1)), we conclude from the previous discussion that

CinxCin=2>"p (¢")Cm,

where the sum is over the finite set of polypartitions with | | <| |4+ | | and v(X — 1)
without parts of size 1; and the coefficients p (¢") are rational Laurent polynomials in
Q[X, X~'|. However, the group algebra of a finite group is defined over Z, so for every
integer n, p (¢") is an integer. With ¢ = p, by looking at the p-valuation in Q, one sees
that p cannot have negative powers, so it is in fact a polynomial in Q[X]. O

4. EXPLICIT COMPUTATIONS WITH DEGREE 1 TERMS
In this section we make the previous discussion concrete by computing the polynomials
p (¢") when and have degree 1, hence correspond to irreducible polynomials X — a
and X — b with a,b € (F;)*. The generic invariant X{ X—a:1}, that we shall abbreviate as
Ax_,, has for projections in the algebras Z'(n,F,):

~ 1
AXfa,n = Z (U lﬁa 'U).
u,vE(Fq)™\{0}

Here (u !'2, v) means that one sends the vector u to v by the first arrow, and v to
au by the second arrow. To compute the generic product A\X—a * A\X—b in Z (o0, F,), it
suffices to do so in Z(2,F,) by the discussion of the previous section. Take two partial
isomorphisms (u '2, v) and (w ', z) in £ (2,F,). Among the (¢*> — 1)* possibilities
for u, v, w, x, the vectors v and w are colinear in (¢*> — 1)3(q¢ — 1) cases, the factor (¢ — 1)
corresponding to the possibilities for the factor of proportionnality o such that w = aw.
In all these cases,

(u 1=, v) * (w 1=, x) = (u = oz_lx)

has type {X —ab: 1}. So, this situation contributes to a term
(@@= 1(g—1)Ax = (g—1) Ax_wp (18)

in Ax_, x Ay_,. In every other situation, (F,)? = Span(v,w) and we have to compute
trivial extensions. It should be noticed here that the form of mo((u '22, v)) is different
when a = 1 and when a # 1. Therefore, we have several cases to treat separately, the
most interesting being when a # 1 and b # 1. Suppose then v and w not colinear. One
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t#au
reFy

-2 (Span(u,t) L= (87) ’ Span(’u,w)) :

t#au
rekFy

n w 1
Lm0 20) = o Y (Span(ev
¢*(g—1)
yFax
s€Fy

So, outside the terms of (18), the remaining part of the product Ax g% Ax_p is equal to

#q — 1;((12 —1) Z (Span(u, t) Span(y, x)) ) (19)

u,t,x,y
7,8

Zé = (atrsz?)

4.1. Irreducible polynomials of degree 2 over F,. We then need to recognize irre-
ducible polynomials of degree 2 over F,. The theory is a bit different when ¢ is even and
when ¢ is odd. Suppose to begin with that ¢ is odd. Then,

X? 4 aX +b= <X+9)2+4b_a2
2 4
is irreducible if and only if a* — 4b is not a square in F,. In Fy, there are 45= squares
identified by the Jacobi symbol (%) =1, and q;21 non-squares identified by the Jacobi
symbol (2) = —1, (;) being a morphism from (Fy)* to {£1}. So:

e X%+ aX +0bis irreducible if (%) =—1;

e otherwise, it is equal to (X — =%H)(X — =%=2)_ where 6% = a* — 4b.

This criterion has the following consequence. Suppose b # 0 fixed and consider the family
of polynomials P, = {X?* + aX + b, a € F,}. Notice that

2 4b
card{a € F, | X* + aX + b is irreducible} = card {a cF, | (a q ) _ _1}

=q— {ae F, | a®—4b isasquare}
=q— 1(9):1 — {a eF, | a® — 4b is a non-zero square}
q

_ g1
RO

Therefore, I, = {a € F, | X? + aX + b is irreducible} is of cardinality <+ — 1oy for
b+0. '

Suppose now ¢ even; the solution to the quadratic equation is then a particular case
of the Artin-Schreier theory. Recall that on a field of characteristic 2,  + 22 is a linear
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map. The trace of an element of Fon is the linear map
Tr(z) =z +2°+---+22  €Fy={0,1}.

The image of the Artin-Schreier map x ~ 22 + z is the Fy-subspace of Fon of elements
with trace zero. Then, given an arbitrary monic polynomial X2 4 aX + b of degree 2:

e if a =0, then X? + b= (X +b)? is not irreducible.

e if a # 0 and Tr(ba™?) = 0, then X%+ aX +b= (X +a(u+1))(X + au), where u
and u + 1 are the two elements of Fon such that u? + u = ba™2.

e otherwise, if a # 0 and Tr(ba?) = 1, then X? 4+ aX + b is irreducible.

This implies that for every b # 0, I, = {a € F, | X? + aX + b is irreducible} is of
cardinality £.

4.2. The case a,b # 1, ¢ odd. Suppose g odd and a # 1, b # 1. Going back to Equation
(19), the characteristic polynomial of the matrix (4™ ") is X% —(a+rs+b)X +ab. Notice

that the multiplication map m : (r,s) € F,xF, — rs € F, satisfies card m~'({0}) = 2¢—1
and cardm~'({c}) = ¢ — 1 for ¢ # 0. Therefore, with u, ¢, z, y fixed:

(1) One obtains ¢ times the polynomial X2 — (a+b)X + ab, corresponding for instance
to the case r = 0 and s € F, arbitrary. If a # b this gives a contribution

-~

A{Xfazl,bezl}; (20>

qA{x—a:1,x—b1} = (- D(2—1)

otherwise if a = b one gets

_ _ 1 ~ 1 -

Ay D) Ay = Arxoutzr + ———— Arxa

prat) (0= ) Aix-any = gy Ty Aveean F Ty Aven
1a:b 1

- (@ —1) (A{X*aﬂ} - A{X—a:12}> + (=@ =1 Ax—arx-p1y.  (21)

One can also replace (20) by (21) thanks to the symbol 1,_,.

(2) Then, for every ¢ € F,, including 0, one obtains (¢ — 1) times the polynomial
X2+ cX +ab. By the discussion of §4.1, %1 —1(a_; values of ¢ give an irreducible
q
polynomial, whence a contribution

~ 1 ~
(¢—1) Z Ax2rexXtab1y = m Z A(X24eX tabi1)- (22)
cElLp q q cElLp
The other values of ¢ correspond to decompositions X2 +cX +ab = (X —a)(X —f).
If ab is not a square, then a # 5 and one obtains a contribution

~ g—1 ~
(C] - 1) Z A{X—a:LX—B:l} = O Z A{X—adflzl,X—bd:l}
C%Iab de(Fq)X

1 —~
- Af X ad—11.X—bd:1}- 23
29(¢® — 1) Z {X—ad=1:1,X—bd:1} (23)
de(Fq)*

If ab is a square then one can have a = (; in this case the type of the matrix

M = (“J;’"s 7}5’) can be either {X — a : 12} or {X — « : 2}. The first case is
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excluded since rb # 0, and therefore M — oI # 0. So, if ab = 62 is a square, then
one obtains a contribution

~ ~ g—1 ~
(¢ —1) Agx—s2y + (¢ — 1) Apxpsy + — > A(X—ad-1:1,X-bd:1)
de(Fg)*\{—-b-16,b—15}
1 -~ - ]_ ~
= —( 7 1) <A{X—5:2} + A{X+6:2}> + m Z A{Xfad_lsl,bedzl}
a\q an\q de(Fg)*\{—b—15,b-15}
g ﬂ <2A\{X,§-2} - A\{X—(S'l?} —|— 22{{X+5‘2} — AA\{X_HSJQ})
29(¢*> — 1) ' - : :
1 —~
_ A ad—11.X—bd:1}- 24
+ 2q(q2 _ 1) Z {X—ad—1:1,X—bd:1} ( )

de(Fq)*

Again, one can replace (23) by (24) thanks to the symbol 1,,_s2.

(a—1)(¢*-1)
q

So, the remaining part (19) of the product A\X,a * Ex,b is equal to times the

sum of (21), (22) and (24), that is to say

1~ g—1 ~ 1 -~
—Ax—a1x-p1y + = Z Afx2pextab1) T 5 Z AfX—ad-1:1,X—bd:1}
q q cElqp de(Fq)*
Lus (o= - - -
+ <2A{X—5:2} — Agx—sa2y + 2A(x 462y — A{X+6:12})

+ 1. <A\{X—a:2} - A\{Xfa:p}) . (25)

Hence, the product Ax_, * Ay_, is the sum of the quantities (18) and (25) when a,b # 1
and ¢ is odd.

4.3. Other cases and the general product formula. The exact same discussion ap-
plies to the case a # 1, b # 1 and ¢ even. Formula (21) can be kept, and it remains to add
for every ¢ € F, the (¢ — 1) terms with characteristic polynomial equal to X2 + ¢X + ab.
Half of the cases yield the contribution (22), the only difference with the odd case being
that the sum is over a fixed number of values of ¢ (independent of ab), namely, Z. For the
other values of ¢, remark that ab is always a square in F,, namely, the square of § = (ab)%.
Therefore, these over values of ¢ ¢ I, give a contribution

1 ( ~ ~ 1 ~
——— (2Ax—s2) — Ax—s12 ) + o5 AfX—ad-1:1,X—bd:1}-
29(q> — 1) \7TH ) T ag(g2 — 1) de%x e
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which replaces (24). Thus, in the even case, the remaining part of Ax_o * Ax_y is equal
to

Z A{X2+cx+ab 1} + Z A{X ad=1:1,X—bd:1}

cEly de(Fq)

<2A{X 5:2) — A{x 5: 12}) + 1oy (A{X a2} — A{X a12}>

l\:)ln—

(26)

The sum of (18) and (26) gives Ax_, * Ay_, when a,b # 1 and ¢ is even.

Finally, when one of the coefficient a or b is equal to 1, the unique corresponding
trivial extension on (F,)? is the identity (partial) 1somorphlsm ((Fg) = (F,)?). The

computation is then trivial and one obtains for instance for A X—q % A x_1 with a # 1 the
result

(q - 1) A\X—a + A\{X—azl;X—lzl}'

The first term corresponds to colinear vectors u and v, and the second term to non-colinear
vectors. When a is also equal to 1, the same reasoning gives

(¢g—1) A\X—l =+ A\{Xfl:ﬂ}‘
Thus, we have proven the following:

Theorem 4.1. The product of two generic degree 1 classes A\X_a and A\X_b 18 given by
the following formulas. Fach time, the writing is decreasmg in degree and without terms
appearing more than once, but in the sums preceded by a % 5, where each term appears twice.

ea#b+#1, q odd, (%b):l, ab = 62:
qg—1
e

2q—1

N N N 1 N
Arx_say + Aixqs2) + Z Afx2pextab1y T 92 Z A{x—ad—1:1,X—bd:1}
c€lap de(Fg)*\{1,b=1a,£b=16}

Arx—ai1,x— b1}+(q—1)AX ab-

e a#b+#1, q odd, (%b):—l:

qg—1 ~ 1 ~
3 Z Afx2qeX pabi1y T 5 Z AfX—ad—1:1,X—bd:1}
q €l de(Fg)*\{1,b~1a}
2g—1 ~

7 A{X a:l,X— bl}"‘(q—l)Ax ab-



46

PIERRE-LOIC MELIOT
ea#b#1,q even, 6 = (ab)?:

Arx_s2y + Z Afx2pextab1) T 5 Z AfX—ad—1:1,X—bd:1}
de(Fy)*\{1,b-La,b=16}

2
q cElLp

29 —1 ~
+ = A{X al,X— bl}+(q—1)AX ab-

ea=>0b#1, q odd:

-1 (5% n n 7
7 2A x—a2y + A{xta2) + Z A(x2qex a2y T 5 Z A(X—ad—1:1,X —ad:1}
cel o de(Fq)*\{£1}

1 ~ ~
+ ? A{X—a:12} + (q - 1) AX—aQ-

ea=>b+#1, q even:

g—1 (. ~ - 1 ~
7 2A(x a2y + Z A(x2qex a2y T 5 Z AfX—ad—1:1,X —ad:1}
c€l,2 de(Fq)*\{1}

1 ~ ~
+ q_2 A{X—a:12} + (C] - 1) AX—aQ'

®a 7& ]-7 b=1: ;{{Xfazl;Xflzl} + (q - 1) A\X—a-
ea=b=1: A{X71:12} -+ (q — 1) AX*I-

The theorem yields readily the product of two completed conjugacy classes of degree 1

for any n € N, since
I <A\ ) _ R k) () (@ Vnhikyy,  C o
! (qil)ku (qil)nfk card C

. More specifically,

1L, (g{xqﬂ}) = (¢" — 1) Cypn

for any polypartition

<A{X 112}> (¢" = 1)(¢" — q) Cpn
(A{X a1}> q - 1) C{X a:1}fn
(A{X a2}> " (¢ — 1) Cix—aptn
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1L, <A\{X—a:12}> = q5_2n (g — 1)((]2 —1) O{X—a:lz}T”
I, (fl{X—azl;X—mQ =" (g —1)(¢"" = 1) Crx—anyp
Hn (A\{X—azl;X—b:1}> = q4_2n (q - 1)2 Cv{X—a:1;X—b:1}T“

1L, <A\{X2+aX+b:1}> = q4_2n (q2 -1) C{X2+aX+b:1}Tn- (27)

Applying these formulas to the seven cases of Theorem 4.1, one obtains the expansion in
completed conjugacy classes of

A A C —aTn C — n
11, <Ax_a * Ax_b> = (¢" — 1) {X—a}tr * U{xX—b}t

card Cx_qyn % card Cx_pyn

(28)

So for instance, if g isodd and a # b # 1, (%b) = 1, ab = 62, then by projection by II,, of the
first case of Theorem 4.1, the product of completed conjugacy classes Cyx_ayn * Cyx—pypn
in CGL(n, F,) is given by:

Cix—ayn * Cix—pypn = ¢ Cix—sopn + ¢ Cpxpsopm + (20 — 1) Cix—an,x b1y + ¢ Cix—ab:1ytn
+ Z (g + 1) Cix2qextabaye

CEIab

1
T3 Z (¢ = 1) Cx—ad-1:1,x a1y
de(Fq)* \{1,b~a,£b-15}

Each structure coefficient is indeed a polynomial in ¢", here of degree 0 or 1. Notice that
this formula cannot be specialized to the case a = 1 or b = 1 (in this case, the sixth
and seventh cases of Theorem 4.1 give indeed the much simpler expansion Cyx_g.1}4n *
Cix—1ay» = C{x—a1yn, as can be expected). The other cases are similar and easy
computations after Theorem 4.1 and Formulas (27) and (28).

From these computations, it becomes clear that the determination of the whole mul-
tiplication table of 2(oco,F,) is not possible. However, it might exist simple rules to
determine certain structure polynomials p (¢"), especially those with | | =] |+ |. If it
exists, a general rule for these coefficients “of maximal degree” probably involves deeply
the arithmetics and Galois theory of polynomials over F,[X].
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